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Chapter 1 General introduction 
1.1 Problem statement  
Owing to their steep slope gradient profiles (Markewich et al., 1990) and the high 
intensity of precipitation their catchments receive (Buytaert et al., 2006), mountain 
streams are characterized by peak discharges of high flow velocities usually associated 
with catastrophic torrents (Weingartner et al., 2003; Ruiz-Villanueva et al., 2010). The 
occurrence of such torrents is mostly instantaneous and its high capacity of sediment 
transport usually leads to environmental, economic and human losses (Gaume et al., 
2009).  
Mountain streams are highly responsive to changes in physiographic characteristics of 
their catchments (Montgomery and Buffington, 1997; Liébault et al., 2002; Defries and 
Eshleman, 2004; Schumm, 2005; Boix-Fayos et al., 2007; Serrano-Muela et al., 2008). 
The type and extent of reaction these streams exert to any change in their catchments in 
turn is determined by the geologic, geomorphologic, climatic and vegetation cover of their 
catchments (Markewich et al., 1990; Nahar et al., 2004; Begueria et al., 2006). However, 
since the geologic and geomorphologic factors are relatively stable over long term, the 
climatic and hydrological factors, together with land cover changes influence the 
characteristics of stream behavior over shorter timescales (Schumm, 2005) by 
influcencing the supply of water and sediment to the streams (Gaeuman et al., 2005). 
When the flow regime and the size and amount of sediment supply change, stream 
channels adjust to the new conditions (Schumm, 1977). 
Many researchers have studied how precipitation affects stream behavior. For example, 
a study on the relation between precipitation and changes in stream behavior (Garcia-Ruiz 
et al., 2008; Merz and Bloschl, 2009; Lopez-Tarazon et al., 2010) showed an increase in 
the size of discharge and sediment flux to the streams with increasing precipitation. 
Similarly, many researchers showed negative relation between vegetation cover and the 
supply of discharge and sediment to stream channels (Harden, 1993; Pardini et al., 2000; 
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Molina et al., 2007). Coulthard et al., (2000) reported that a simultaneous change in 
climate and land cover produced a 1300% increase in sediment discharge. Upland river 
catchments are more sensitive to climate deterioration when they are deforested 
(Coulthard et al., 2000). Hence, since land cover changes quickly in response to human 
activity; it effectively controls the behavior of mountain streams (Montgomery and 
Buffington, 1997) 
The northern Ethiopian highlands have been subjected to severe land degradation for 
long time (Hurni, 1988; Gebresamuel et al., 2009) mainly due to deforestation, 
overgrazing, impoverishment of the farmers, erosive rains, steep slopes and limited 
agricultural intensification (Nyssen et al., 2008) as well as by recurrent droughts in the 
second half of the 20thC. Due to the severity of the degradtion, several 
hydrogeomorphologic features, including dense gully and river networks have been 
developed widely throughout the region (Frankl et al., 2011; Yitbarek et al., 2012). To 
reverse this problem, several rehabilitation interventions have been initiated as of the 
second half of the 1980s which comprised both physical structures and reforestation 
measures including establishment of exclosures on highly degraded steep slopes (Asefa et 
al., 2003; Mengistu et al., 2005; Birhane et al., 2006; Nyssen et al., 2010; Nysen et al., 
2015). Especially, establishment of exclosures; which were previously degraded areas but 
protected later from agriculture and grazing for quick rehabilitation, have been one of the 
most effective way of vegetation regeneration in the region (Aerts et al., 2003; 
Descheemaeker et al., 2006). Consequently, the vegetation cover of many of the 
previously degraded mountains has been improved (Nyssen et al., 2008).   
The improvement in vegetation cover in turn has resulted in several changes in the 
hydrogeomorphologic processes of the Northern Ethiopian highlands. Many researchers in 
the region have reported on the role of the improved vegetation cover in reducing the 
amount of discharge and sediment production from rehabilitated catchments. A study by 
Descheemaeker et al. (2006) showed a significant reduction in runoff after rehabilitation 
of small exclosed catchments while Nyssen et al. (2010) reported a reduction of direct 
runoff volume after catchment management. Frankl et al. (2011) on their hand found gully 
systems to be partially stabilized.  
Like the other parts of the region, the catchments in the western Rift valley escarpment 
of Northern Ethiopia have been severely degraded up to the first half of the 1980s the 
severity of which is evidenced by development of gullies and scar networks in the steep 
slopes transporting huge amount of discharge and sediment composed of very big 
boulders down to the Raya graben. Consequently, devastative flooding events claimed the 
life of many people and livestock. Currently, the vegetation cover of many catchments has 
improved due to the reforestation interventions initiated in the second half of the 1980s. 
However, the impact of the change in vegetation cover on the hydrogeomorphologic 
characteristics of the streams is not scientifically studied in the steep mountains of the 
western Rift Valley escarpment.  
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1.2 Characteristics of mountain streams and their dynamics 
Mountain streams are defined as channel networks occurring in mountainous areas and 
having an average slope gradient of greater than or equal to 0.002 m m-1 (Wohl, 2000). 
Mountain streams are characterized by flashy, deep, turbid, and turbulent flows as well as 
large roughness elements and uneven bed topography (Jarrett, 1984; Bathurst, 1985, 
Gomez and Church, 1989; Wohl, 2000). The channels of such streams tend to have very 
coarse-grained and relatively immobile substrate. As compared to lowland streams, 
mountain streams have relatively high rates of bed rock channel incision and narrow 
valley bottoms which usually limit lateral channel mobility (Wohl, 2000).  
Natural streams quickly adjust their shape and pattern in response to the speed and 
volume of discharge and sediment supply to their channels. The way that natural forces 
interact to shift and alter stream patterns and characteristics is described as stream 
dynamics. Relative to lowland streams, mountain streams are generally highly responsive 
to geomorphological processes manifested by high (Gintz et al., 1996) and variable 
(Gomez, 1991; Habersack et al., 2008) discharge and bedload transport fluxes which 
primarily move in the form of sliding, rolling or saltation within a thin layer near the 
streambed (Lenzi, 2004).  
1.3 Objectives  
The main objective of this thesis was to analyze the dynamics of mountain streams in 
response to variability in precipitation events over the last three years and land cover 
change over the last 8 decades in the western Rift Valley escarpment of Northern 
Ethiopia. Generally, the thesis has five specific objectives:  
Objective 1: Analysis of the role of reforestation intervetions on minimizing land 
degradation (as represented by scar density) on the escarpment and selection 
of study catchments for detail analysis, 
Objective 2: Analysis of land cover changes over the last eight decades (1936-2014), 
Objective 3: Analysis of variability in peak discharge in relation to spatial rainfall 
variability, vegetation cover and catchment physiographic factors. 
Objective 4: Analysis of bedload dynamics in relation to peak discharge,  vegetation 
cover, rainfall variability and catchment physiographic factors, 
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Objective 5: Examination of major stream channel adjustments in relation to spatial 
variability in rainfall distribution, vegetation cover, peak discharge and 
stream bedload dynamics. 
 
1.4 Rationale for studying stream dynamics in the western 
Rift Valley escarpment of Northern Ethiopia 
The study area (Figure 1.1) has been selected for this study due to the following reasons: 
 
1. This is a place with catchments which showed significant increase in vegetation 
cover in relatively short time as a result of reforestation interventions. Since 
mountain streams are reactive to changes in their environment, undoubtedly the 
changes in vegetation cover have not been happened without bringing about 
changes in the hdrogeomorphologic characteristics of the streams.  
2. The streams drain to the Raya graben/valley where one of the biggest and fertile 
farmlands of the region is found. As a result, unlike in many other catchments of 
the Northern Ethiopian highlands, the runoff and the sediment that were 
transported from the then degraded catchments were destroying very large 
farmlands, grazing lands and settlements in the valley. Hence, apart from 
exacerbating the land degradation in the catchment itself, the environmental and 
economic effects of the stream dynamics outside the catchments were so severe 
affecting the livelihood of the people.  
3. Holistic studies on the link between land cover changes, spatial rainfall variability 
and stream dynamics at managed catchments in the Northern Ethiopian Highlands 
have rarely been done.  
4. This study area fairly represents the catchments of the Northern Ethiopian 
Highlands in terms of hydrogeomorphologic, climatic and socio-economic 
characteristics.  
5. Therefore, the researcher believes that the study area is the right place for studying 
the link between changes in land cover, rainfall variability and stream dynamics in 
managed mountainous catchments and to model the relationship among these 
variables in the Northern Ethiopian highlands at large. Ultimately, the findings of 
this research are expected to show the result of the concerted efforts that have been 
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taking place to reverse land degradation in the area in particular and in the region 
in general.  
1.5 The study area 
The study area consists of a section of the western Rift Valley escarpment of Northern 
Ethiopia. First, 20 adjacent catchments which were severely degraded up to the mid-1980s 
and were later reforested to various degrees were selected for analyzing the role of 
reforestation interventions in minimizing land degradation in the western Rift Valley 
escarpment of Northern Ethiopia. Based on the result, 11 catchments of contrasting 
vegetation cover (ranging from 4 - 58%), which fully represent the diverse characteristics 
of the catchments in the western Rift Valley escarpment in terms of vegetation cover, 
geomorphology, land rehabilitation, settlement and other land uses, were selected for 
detail analysis.  
1.5.1 Location 
The study area (12º20' and 12º30' and 39º27' and 39º35') is found in the Southern zone of 
Tigray region of Northern Ethiopia on the edge of the western Rift Valley escarpment 
(Figure 1.1). Particularly, the study catchments are found in Ofla wereda (93%) and Raya 





Figure 1.1 Location map of the study area 
 
1.5.2 Lithology and geomorphology 
The lithology of the study area (Figure 1.2) is composed of Cenozoic volcanic rocks 
consisting of the Hashenge formation, the Alaje formation and the Aiba basalts (Berhe et 
al., 1987; GSE, 1996). The Hashenge formation underlies the Aiba basalts and represents 
deeply weathered alkaline and often tilted transitional basalt flows with intercalations of 
tuffs (GSE, 1996) and lie below the major Pre-Oligocene unconformity. Though the age 
of this formation in this area remains uncertain, the general consensus remains that this 
formation has Eocene to Oligocene age (Zanettin et al., 1980). The Alaje formation on the 
other hand mainly consists of transitional and sub alkaline basalts with minor rhyolite and 
trachyte eruptions (Kazmin, 1980; Zanettin et al., 1980; GSE, 1996). The age of those 
formations ranges between 36 and 13 Ma (Kazmin, 1980; Zanettin et al., 1980). The Aiba 
basalts represent the second major pulse of fissural basalt volcanism on the northern 
plateau. They are composed of aphyric, compact rocks, showing stratification and contain 
rare interbedded basic tuffs. The age of this basalts ranges from 34 to 28 Ma (Kazmin, 
1980; Zanettin et al., 1980). These lithological formations were verified during field 
observations where tertiary basalts, consolidated ash and dykes were commonly observed 
throughout the catchments. 
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Figure 1.2 Lithological map of the study area (GSE, 1996) 
 
The elevation of the catchments ranges from 1549 to 3140 m a.s.l., and the average 
catchment slope gradient ranges from 0.27 to 0.65 m m-1. Even at the highest elevations, no 
frost occurs and there was no glacial or periglacial activity during the Pleistocene (Hendrickx 
et al., 2015).The escarpment (Figure 1.1) drains towards the east and ephemeral mountain 
streams turn into braided river systems when reaching the Raya graben floor (Billi, 2007; 
Biadgilgn et al., 2015).  
 












Elevation (m a.s.l.) 
Max Min Mean 
Wera 12.52 0.28 18.34 3140 2332 2748 
Mistay Aha 3.79 0.27 8.12 2636 2282 2422 
Hara 24.47 0.34 28.46 3140 1592 2477 
G. Kahsu upper  1.87 0.52 5.97 3085 2099 2666 
G.Kahsu lower 5.89 0.50 14.20 3085 1705 2276 
Hawla upper  0.83 0.54 3.90 2920 2299 2628 
Hawla lower 3.38 0.57 9.68 2920 1856 2272 
Jeneto upper 0.62 0.58 3.16 2165 1711 1910 
Jeneto lower 1.0 0.50 4.08 2165 1677 1869 
Maliko 0.36 0.65 2.66 2420 1884 2184 
Bora 1.76  0.51 6.28 2414 1549 1920 
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1.5.3 Soil  
The catchments under investigation have five soil types. Eutric Cambislos, Lithic 
Leptosols, Eutric Regosols, Pellic Vertisols and Eutric Nitosos. Moreover, some parts of 
the catchmehts are severely degraded up to the bed rock and are represented by rock 
surfaces (MoA, 2003) (Figure 1.3).  
Cambisols are soils with incipient soil formation. They are composed of medium and 
fine-textured materials derived from a wide range of rocks, mostly in colluvial and alluvial 
deposits. In these soils, transformation of parent material is evident from structure 
formation and mostly brownish discoloration, increasing clay percentage, and/or 
carbonate removal (IUSS Working Group WRB, 2014). Leptosols, on the other hand, are 
characterized by very shallow soils (within 25 cm from the soil surface) over hard rock or 
highly calcareous material but also deeper soils that are extremely gravelly and/or stony. 
They are composed of various kinds of rock or unconsolidated materials with less than 10 
percent fine earth. Leptosols are azonal soils with an incomplete solum and/or without 
clearly expressed morphological features. They are commonly found in mountain regions 
and correlate with the ‘Lithosols’ taxa of many international classification systems (USA, 
FAO) and with ‘Lithic’ subgroups of other soils groupings. In the soil map of the World 
(FAO, 1974), mountain soils other than Histosols that were limited in depth by continuous 
coherent and hard rock within 10 cm of the soil surface were defined as Lithosols (IUSS 
Working Group WRB, 2014). In the soil map of Tigray region, Leptoslos with less than 10 
cm were represented by Lithosols (MoA, 2003). For this study, however, the name ‘Lithic 
Leptosols’ is used to represent soils having continuous rock or hard material starting ≤ 10 
cm from the soil surface (Figure 1.3). Nitisols on the other hand, are deep, red, well-
drained tropical soils with a more than 30 percent clayey ‘nitic’ subsurface and moderate 
to strong angular blocky structure elements. They are composed of finely textured 
weathering products of intermediate to basic parent rock. Nitisols are rich in iron and have 
little water-dispersible (‘natural’) clay. They are predominantly found in level to hilly land 
under tropical rain forest or savannah vegetation (IUSS Working Group WRB, 2014). 
Vertisols on the other hand are characterized by churning heavy clay soils. They are 
products of rock weathering that have the characteristics of smectitic clays where their 
alternate shrinking and swelling behavior causes self-mulching and mixing of the soil 
materials. During dry seasons, these soils form deep wide cracks from the surface 
downward (IUSS Working Group WRB, 2014). Regosols are characterized by 
unconsolidated and finely grained weathering materials of some depth. They are exclusive 
of very shallow, sandy or fluvic properties and are found at all altitudes and in all climatic 
zones except in permafrosts. Particularly, they are commonly available in arid areas, in the 
dry tropics and in mountainous area (IUSS Working Group WRB, 2014). 
The ‘Eutric’ soil unit is associated to the Cambisols, Nitosols and Regosols (Fig,1.3) to 
indicate that these soils have, at least between 20 and 100 cm from the soil surface, or in a 
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layer 5 cm thick directly above a lithic contact in Leptosols, a base saturation (in 1 M 
NH4OAc at pH 7.0) of 50 percent or more (IUSS Working Group WRB, 2014) where as 
the ‘Pellic’ soil unit is used in the Vertisols to indicate that these soils have, in the upper 
30 cm of the (moist) soil matrix, a Munsell value of 3.5 or less and a chroma of 1.5 or less. 
The prefix “Lithic” in the Lithic leptosols indicates that these soils have contious rock or 
hard material starting ≤ 10 cm from the soil surface.  
 
 





Precipitation in Ethiopia is highly variable in space and time. In most parts of the country, 
convective movements of air masses, caused mainly by differential heating of the earth 
surface result convective rains of high intensity and often short in duration. Moreover, 
many parts of the country receive orographic rain due to the influence of topographic 
obstacles on dominant winds (Krauer, 1988). Hence, oscillation of the Inter-tropical 
Convergence Zone (ITCZ) and topographic variables determine the variability of 
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precipitation in the country (Tesfaye, 2003). The position of the ITCZ changes over the 
course of the year oscillating across the equator. During winter season in the Northern 
hemisphere, the ITCZ moves to the south of the equator. Consequently, hot and very dry 
winds blow from the Sahara to the western highlands of Ethiopia while east winds, after 
crossing the Indian Ocean and the Red Sea, give spring rainfall to the red sea coast and the 
eastern part of the country including the study area. During March and May, the ITCZ and 
the equatorial air masses move towards north accompanied by rains triggered mainly by 
the convergence of humid equatorial air and colder extratropical air (Messerli and 
Rognon, 1980; Goebel and Odenyo, 1984; Tesfaye; 2003; Nyssen et al, 2005).  From the 
end of June to August, the ITCZ is situated at its most northerly position over northern 
Ethiopia. At this time of the year, the south-east monsoon winds, bypass the Ethiopian 
Highlands by the South and reach them from the West and give rain in the summer season 
(Goebel and Odenyo, 1984). Acording to other researchers (e.g., Daniel, 1977; Rudloff, 
1981), these air masses originate from the Atlantic Ocean. Therefore, the western Rift 
valley escarpment is characterized by a bi-modal rainfall where the major rainy season 
extends from July to September (Kiremt) (64% of the annual precipitation) while small 
rainy season (March-May) (Belg) accounts for most part of the remaining rain.  
Monitoring of precipitation in two stations close to the study area was started by the 
Ethiopian Meteorological Agency as early as 1954 in Korem (12º31'N and 39º31'E, 2450 
m a.s.l.) and as of 1968 in Alamata (12º25'N and 39º38'E, 1589 m a.s.l.) while monitoring 
of temperature was started as of 1993 in Korem and in 1978 in Alamata. However, many 
of the early data are missing (figure 1.4). The annual rainfall in Korem (989.7±180.2) 
since 1994 ranges between 1357.7 mm (in1998) and 748.3 mm while in Alamata (717.2 ± 
202.2) it ranges between 1067.1 (in 2000) and 299.4 (in 2009) since 1984 (Figure 1.4).  
 
 
Figure 1.4 Annual rainfall distribution in Korem and Alamata. Full data was not recorded in 
Korem from 1984 -1993 and in 1997 while in 1986, 1990, 1991, 1992 and in 1999 in Alamata. 
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1.5.4.2  Temperature  
Relatively better temperature data measurements were available since 1994 in both 
stations. However, in Alamata, full measurements were not taken for 1995, 1996 and 1998 
(Figure 1.5). Average annual temperature (1994-2011) was calculated for both stations. 
The average annual temperature in Korem ranges from 13.5 °C in 1994 to 15.75 °C in 
2006 while in Alamata, it ranges from 19 °C in 2011 to 23.5 °C in 1994 and 1997. 
Overall, average annual temperature in Alamata was higher than in Korem (P < 0.01).   
 
Figure 1.5 Annual temperature distribution in Korem and Alamata (1994 – 2011). Data for 
1995, 1996 and 1998 were missing in Korem.  
1.5.5 Population distribution  
Population distribution of a given area has significant impact on the sustainability of 
natural resources. Particularly, land degradation in the Ethiopian highlands and mountains 
was initiated with the introduction of agriculture. With increasing population size and 
gradual deterioration of the ecology, agricultural activities expanded from the favourable 
highlands to the marginal areas like steep slopes (Hurni, 1988). Due to rapid population 
growth and impoverishment of the farmers, this region became one of the most degraded 
parts of the country (Nyssen et al., 2008, Gebresamuel et al., 2009). 
According to the 2007 population and housing census report, Tigray region had a total 
population of 4,316,988 (FDRECSA, 2008). This was projected to increase to 5,055,999 by 
2015 (FDRECSA, 2013). There is great variability in population size among the 
Administrative zones in the region where in 2007, 29% (1,245,824) of the total population 
was found in central Tigray zone followed by 23% (1,006,504) in southern Tigray zone. 
Excluding the urban areas, Ofla wereda, which constitutes 93% of the study area is one of 
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the most populous weredas in the southern Tigray region next to Hintalo Wejerat and 
Raya Azebo Weredas. Similarly, in terms of population density, next to Alage and 
Endamekoni weredas, Raya Alamata and Ofla weredas (where 7% and 93% of the study 
catchments are found respectively) are the most populous weredas in the zone.Theese 
weredas have higher density than the zone itself. 
 
 













Tigray regional state 4,316,988 5,055,999 122 
North western Tigray zone 736,805 848,021 60 
Central Tigray zone 1,245,824 1,431,672 138 
Eastern Tigray zone 755,343 883,860 142 
Western Tigray zone 356,598 418,756 30 
Mekelle city special zone 215,914 323,700 2960 
Southern Tigray zone 1,006,504 1,149,990 115 
Seharti Samre wereda
*
 124,340 139,479 81 
Enderta wereda
*
 114,297 124,784 92 
Hintalo wejerat wereda
*
 153,505 172,452 89 
Alaje wereda 107,972 120,989 158 
Endamekoni wereda 84,739 93,716 153 
Raya Azebo wereda 135,870 154,861 88 
Raya Alamata wereda  85,403 95,094 133 
Ofla wereda 126,889 138,563 128 
Maychew/town/wereda 23,419 35,067 2166 
Korem/town wereda 16,856 25,190 2247 
Alamata/town/wereda 33,214 49,795 3943 
a
 based on the 2007 population and ousing census report 
b
 projections based on the the 2007 population and ousing census report 
c
 calculated based on the projected population in column 3. 
*these weredas are now in the South Eastern Tigray zone which was established after the 2007 population 









1.6 Thesis outline   
The thesis is structured in line with the objectives of the study. Overall, there are seven 
chapters. Chapter 1 deals with the introductory part and includes statement of the problem, 
objectives and rational of the study as well as major physiographic and demographic 
characteristics of the study area. Chapter 2 investigates the role of reforestation 
intervention on minimizing land degradation in the western Rift valley escarpment of 
Northern Ethiopia. In chapter 3, aerial photographs and Google Earth images are used to 
analyze land cover changes over the last 8 decades (1936-2014). Chapter 4 and 5 focus on 
analysis of variability in peak discharge and bedload movement in relation to vegetation 
cover and physiographic factors. Chapter 6 deals with stream channel adjustment in 
response to peak discharge and bedload flux. Finally, the summary of the major findings 
of the study, conclusion and recommendations are presented in chapter 7.  
The analysis of land cover change for 1936, 1965, 1986 and 2005 was carried out by 
MSc student; Michiel De Meyere while I collected the GCP from the field, advised the 
MSc student and carried out the land cover analysis for 2014. Similarly, the soil depth 
data used in chapter 4 was collected by MSc student Marlies Vandenabeele under my 
supervision.  
 
1.7 Publication list 
Master dissertations framing within the PhD Research 
De Meyere, M., 2014. Peak runoff as impacted by physiographical factors and spatio-
temporal changes in land use and cover - A case on the Rift Valley escarpment of 
Northern Ethiopia. M.Sc. thesis study, Department of Geography, Ghent University  
International publications in journals indexed in the ISI Web of Science 
Tesfaalem, G.A., Frankl, A., Mitiku, H., Amanuel, A.Z., Nyssen, J., 2015. Determinants 
of peak discharge in steep mountain catchments-case of the Rift Valley escarpment 
of Northern Ethiopia. Journal of Hydology. DOI.org/10.1016/j.jhydrol.2015.08.013 
Tesfaalem, G.A., Frankl, A., Mitiku, H., Nyssen, J., 2014. Catchment rehabilitation and 
hydrogeomorphic characteristics of mountain streams in the western Rift Valley 
escarpment of Northern Ethiopia. Land Degradation and Development: DOI: 
10.1002/ldr.2267.  
14 
Jacob, M.,Romeyns, L., Frankl, A., Tesfaalem, G.A., Beeckman, H., Nyssen, J., 2015. 
Land use and cover dynamics since 1964 in the Afro-Alpine vegetation belt: Lib 
Amba mountain, North Ethiopia. Land Degradation and Development. 
DOI:10.1002/ldr2396 
Lanckriet, S., Tesfaalem, G.T., Frankl, A., Zenebe, A., Nyssen, J. 2015. Sediment in 
alluvial and lacustrine debris fans as an indicator for land degradation around Lake 
Ashenge (Ethiopia). Land Degradation and Development: accepted. 
In review  
Tesfaalem, G.A., Frankl, A., Mitiku, H., Amanuel, A.Z., Nyssen, J., 2015. Sediment flux 
dynamics as fingerprints of catchment rehabilitation: the case of western Rift Valley 
escarpment of North Ethiopia. Geomorphology, revised version submitted.  
Tesfaalem, G.A., Frankl, A., Mitiku, H., Amanuel, A.Z., Nyssen, J., 2015. Adjustment of 
mountain stream channels to rainfall variability and land cover change - the case of 
Ethiopian Rift Valley escarpment. Earth Surface Processes and Landforms, 
submitted. 
Biadgilgn-Demissie, Frankl, A., Tesfaalem, G.A., Mitiku-Haile, Nyssen, J., 2015. 
Extreme hydrologic behaviors and their impacts on river morphology in the semi-
endorheic Raya Graben (North Ethiopia). Journal of Hydrology, submitted. 
De Meyere, M., Tesfaalem G.A., Frankl, A., Mitiku, H., Jan Nyssen , J., 2015. Land cover 
trajectories in the Ethiopian Rift Valley escarpment over the last eight decades. 
Geomorphology, submitted.  
 
International conference contributions (contributions as co-author are not listed) 
Tesfaalem G.A., Frankl, A., Mitiku Haile, Amanuel Abraha, Nyssen, J., 2015. Effects of 
steep mountain rehabilitation on peak discharge variability - the case of western 
Rift Valley escarpment of Northern Ethiopia. Poster presentation at Desertland II 
Conference on Desertification and Land Degradation. Ghent: Ghent University and 
International Centre for Eremology, 16 & 17 June 2015. Book of abstracts, p. 15. 
Tesfaalem G.A., Frankl, A., Mitiku Haile, Amanuel Abraha, Nyssen, J., 2015. Bed-load 
sediment fluxes in steep mountain catchments as fingerprints of catchment 
rehabilitation - the case of western Rift Valley escarpment of North Ethiopia. Paper 
presented at Desertland II Conference on Desertification and Land Degradation. 
Gent: Ghent University and International Centre for Eremorology, 16 & 17 June 
2015. Book of abstracts, p.55. 
 15 
Tesfaalem G.A., Frankl, A., Mitiku Haile, Amanuel Zenebe, Monsieurs, E., Nyssen., J. 
Peak discharges in steep mountain catchments in relation to rainfall variability, 
vegetation cover and geomorphology of the Rift Valley Escarpment of Northern 
Ethiopia. Poster presented at the General Assembly of the European Geosciences 
Union, Vienna, 12- 17 April. 2015. Geophysical Research Abstracts, 17: EGU2015-
2947-1, 2015 
Tesfaalem, G.A., Frankl, A., Amanuel Zenebe, Mitiku Haile, Nyssen, J., 2014. The 
impact of reforestation on discharge and sediment fluxes in drylands: long-term 
evidences from the Western Rift Valley Escarpment (Northern Ethiopia). Poster 
presented at the General Assembly of the European Geosciences Union, Vienna, 27 
April – 2 May 2014. Geophysical Research Abstracts, 16: EGU2014-5815. 
Tesfaalem, G.A., Frankl, A., Amanuel Zenebe, Mitiku Haile, Nyssen, J., 2014. Spatial 
variability of mountain stream dynamics along the Ethiopian Rift Valley escarpment. 
Poster presented at the General Assembly of the European Geosciences Union, 
Vienna, 27 April – 2 May 2014. Geophysical Research Abstracts, 16: EGU2014-
378. 
Tesfaalem, G.A., Frankl, A., Mitiku Haile, Nyssen, J., 2013. The hydrogeomorphic 
response of mountain streams to recent catchment rehabilitation in the western Rift 
Valley escarpment of northern Ethiopia. Paper presented at the International 
Congress 2013: Sustainable Livelihood in Tropical Drylands. Mekelle, Ethiopia, 17-
22 September 2013. Book of abstracts, p. 63. 
Tesfaalem, G.A., Frankl, A., Mitiku Haile, Nyssen, J., 2013. Catchment rehabilitation and 
hydrogeomorphic characteristics of mountain streams in the western Rift Valley 
escarpment of Northern Ethiopia. Poster presented at the General Assembly of the 
European Geosciences Union, Vienna, 8-12 April 2013. Geophysical Research 
Abstracts, 15: EGU2013-3452. 
 
National conference contributions (contributions as co-author are not listed) 
Tesfaalem, G.A., Amanuel Zenebe, Frankl, A., Mitiku Haile, Nyssen, J., 2013. 
Understanding the spatio-temporal variability of discharge and bed-load movement 
in mountain streams (Western Rift Valley Escarpment, Ethiopia). Poster presented at 
the Thematic Day “50 years of sharing knowledge in soil science for worldwide 
sustainable development”, International Training Centre for Post-Graduate Soil 
Scientists (ITC-Ghent) and Soil Science Society of Belgium (SSSB), Ghent, 
Belgium, 5 December 2013. 
16 
Tesfaalem, G.A., Frankl, A., Mitiku Haile, Nyssen, J., 2011. Mountain stream dynamics 
as impacted by land cover/use change and rainfall variability in the northern 
Ethiopian highlands. Poster presented at the fifth symposium of the Ghent Africa 




Aerts, R., November, E., Behailu, M., Deckers, J. A., Hermy, M., and Muys, B., 2003. Forest 
rehabilitation: one approach to water conservation in Central Tigray. Ethiopian Journal 
of Water Science and Technology 6(1), 34-37. 
Asefa, D.T., Oba, G., Weladji, R.B., Colman, J.E., 2003. An assessment of restoration of 
biodiversity in degraded high mountain grazing lands in northern Ethiopia. Land 
Degradation and Development 14, 25–38. DOI: 10D1002/ldr.505.  
Bathurst, J., 1985. Flow resistance estimation in Mountain Rivers. J.of Hyd Eng. 111(4), 625 -
643.  
Begueria, S., López-Moreno, J.I., Gómez-Villar, A., Rubio, V., Lana-Renault, N., García-Ruiz, 
J.M., 2006. Fluvial adjustments to soil erosion and plant cover changes in the Central 
Spanish Pyrenees. Geografiska Annaler. Series A. Physical Geography, 88 A: 171-186. 
Berhe, S.M., Desta, B., Nicoletti, M., Teferra, M., 1987. Geology, geochronology and 
geodynamic implications of the Cenozoic magmatic province in western and 
southwestern Ethiopia: J. of the Geol. Society London 144, 213–226. 
Biadgilgn, D., Frankl, A., Mitiku, H., Nyssen, J., 2015. Biophysical controlling factors in upper 
catchments and braided rivers in drylands: the case of marginal graben of the Ethiopian 
Rift Valley. Land Degradation and Development: DOI: 10.100/lde.2357 
Billi, P., 2007. Morphology and sediment dynamics of ephemeral stream terminal distributary 
systems in the Kobo Basin (northern Welo, Ethiopia). Geomorphology 85, 98–113.  
Birhane, E., Teketay, D., Barklund, P.,  2006. Actual and potential contribution of exclosures to 
enhance biodiversity of woody species in the drylands of Eastern Tigray. Journal of the 
Drylands 1(2), 134−147.  
Boix-Fayos C, Barbera G, López-Bermúdez F, Castilo M. 2007. Effects of check dams, 
reforestation and land-use changes on river channel morphology: Case study of the  
Rogativa catchment (Murcia, Spain). Geomorphology 91: 103-123. 
Buytaert, W., Celleri, R., de Bievre, B., Cisneros, F., Wyseure, G., Deckers, J., Hofstede, R., 
2006. Human impact on hydrology of the Andean páramos. Earth-Science Reviews. 79, 
53-72.  
Coulthard, T., Macklin, M., 2001. How sensitive are river systems to climate and land‐use 
changes? A model‐based evaluation. Journal of Quaternary Science 16, 347-351 
Coulthard, T. J., Kirkby, M. J., Macklin, M.G. 2000. Modelling geomorphic response to 
environmental change in an upland catchment. Hydrological Processes 14: 11‐12, 
2031-2045. 
Daniel Gamachu, 1977. Aspects of climate and water budget in Ethiopia. Addis Ababa University 
Press, p. 71. 
 17 
DeFries, R., Eshleman,  K.N., 2004. Land‐use change and hydrologic processes: a major focus for 
the future. Hydrological processes 18, 2183-2186.  
Descheemaeker, K., Nyssen, J., Rossi, J., Poesen, J., Mitiku, H., Moeyersons, J., Deckers, J., 
2006. Sediment deposition and pedogenesis in exclosures in the Tigray Highlands, 
Ethiopia. Geoderma 132, 291-314.  
FAO. 1974. FAO-Unesco Soil Map of the World, 1:5000000, Vol. 1, Legend. Unesco, Paris.  
FDRECSA .2013. Population projection of Ethiopia for all regions at wereda level from 2014-
2017. Federal Democratic Republic of Ethiopia Central Statistical Agency, Addis Ababa, 
August. 
FDRECSA .2008. Summary and statistical report of the 2007 population and housing census–
population size by age and sex. Federal Democratic Republic of Ethiopia Central 
Statistical Agency, Addis Ababa, December. 
Frankl A, Nyssen J, De Dapper M, Haile M, Billi P, Munro R.N., Deckers J, Poesen J. 2011. 
Linking long-term gully and river channel dynamics to environmental change using 
repeat photography (Northern Ethiopia). Geomorphology 129: 238–251. 
Gaeuman, D., Schmidt, J. C., & Wilcock, P. R. (2005). Complex channel responses to 
changes in stream flow and sediment supply on the lower Duchesne River, Utah. 
Geomorphology, 64(3), 185-206. 
Garcia-Ruiz, J.M., Regues, D., Alvera, B., Lana-Renault, N., Serrano-Muela, P., Nadl Romero, E., 
Navas, A., Latron, J., Martı-Bono, C., Arnaez J., 2008. Flood generation  and 
sediment transport in experimental catchments affected by land use changes in the 
central Pyrenees. Journal of Hydrology. 356, 245– 260 
Gaume, E., Bain, V., Bernardara, P., Newinger, O., Barbuc, M., Bateman, A., Blaskovicova, L., 
Bloschl, G., Borga, M., Dumitrescu, A., Daliakopoulos, I., Garcia, J., Irimescu, A., 
Kohnova, S., Koutroulis, A., Marchi, L., Matreata, S., Medina, V., Preciso, E., Sempere-
Torres, D., Stancalie, G., Szolgay, J., Tsanis, I., Velasco, D., Viglione, A., 2009. 
Compilation of data on European flash floods. Journal of Hydrology. 367, 70 -78.  
Gebresamuel, G., Singh, B.R., Nyssen, J., Borrosen, T., 2009. Runoff and sediment-associated 
nutrient losses under different land uses in Tigray, Northern Ethiopia. Journal of 
Hydrology. 376 (1-2), 70–80. 
Gintz, D., Hassan, M.A., Schmidt, K.H., 1996. Frequency and magnitude of bedload transport in a 
mountain river. Earth Surface Processes and Landforms 21, 433-445. 
Goebel, W., Odenyo, V., 1984. Ethiopia. Agroclimatic resources inventory for land-use planning. 
Ministry of Agriculture, Land Use Planning and Regulatory Department, UNDP, FAO. 
Technical Report DP/ETH/78/003, vol. 1, p. 208; vol. 2, p. 95. 
Gomez B, Church M. 1989. An assessment of bedload sediment transport formulae for gravel bed 
rivers. Water Resources Research 25, 1161-1186.  
Gomez, B. 1991. Bedload transport. Earth-Science Reviews 31, 89-132. 
GSE. 1996. Geological map of Ethiopia.Geological Survey of Ethiopia. Addis Ababa, Ethiopia. 
Habersack, H., Seitz, H., Laronne, J.B., 2008. Spatio-temporal variability of bedload transport 
rate: analysis and 2D modelling approach. Geodinamica Acta 21, 67-79. 
Harden, C.P., 1993. Land use, soil erosion, and reservoir sedimentation in an Andean drainage 
basin in Ecuador. Mountain Research and Development. 13, 177–184. 
Hendrickx, H., Jacob, M., Frankl, A., Nyssen, J. 2015. Glacial and periglacial geomorphology and 
its paleoclimatological significance in three North Ethiopian Mountains, including a 
detailed geomorphological map. Geomorphology 246, 156-167. 
Hurni, H. 1988. Degradation and conservation of the resources in the Ethiopian highlands. 
Mountain research and development 8, 123-130. 
IUSS Working Group WRB. 2014. World Reference Base for Soil Resources 2014. International  
soil classification system for naming soils and creating legends for soil maps. World Soil 
Resources Reports No. 106. FAO, Rome. 
18 
Jarrett, R.D., 1984. Evaluation of methods estimating palaeo floods on high-gradient streams. 
Paper presented at the American Geophysical Union Fall Meeting, San Francisco, 
California. 
Kazmin, V., Berhe, S.M., Nicoletti, M., Petrucciani, C., 1980. Evolution of the northern part of 
the Ethiopian Rift: Rome, Italy. Accademia Nazionale dei Lincei 47, 275–292. 
Krauer, J., 1988. Rainfall, erosivity and isoerodent map of Ethiopia. Soil Conservation Research 
Project, Research Report 15. University of Berne, Switzerland, p. 132. 
Lenzi, M.A., 2004. Displacement and transport of marked pebbles, cobbles and boulders during 
floods in a steep mountain stream. Hydrological Processes 18, 1899-1914.  
Liebault, F.P., Clement, H., Piegay, C.F., Rogers, G.M.,  Kondolf, N.L., 2002. Contemporary 
channel changes in the Eygues basin, southern French Prealps: the relationship of 
subbasin variability to watershed characteristics Geomorphology 45, 53–66.  
Lopez-Tarazon, J.A., Batalla, R.J., Vericat, D., Balasch, J.C., 2010. Rainfall, runoff and sediment 
transport relations in a mesoscale mountainous catchment: The River Isabena (Ebro 
basin).Catena. 82, 23-34 
Markewich, H.W., Pavich, M.J., Buell, G., 1990. Contrasting soils and landscapes of the 
Piedmont and Coastal Plain, eastern United States. Geomorphology. 3, 417–447. 
Mengistu, T., Teketay, D., Hulten, H., Yemshaw,Y., 2005. The role of enclosures in the recovery 
of woody vegetation in degraded dry land hillsides of central and northern  Ethiopia. 
Journal of Arid Environments 60, 259–281.  
Merz, R., Bloschl, G., 2009. A regional analysis of event runoff coefficients with respect to 
climate and catchment characteristics in Austria. Water Resources Research. 45(1), 1-19. 
DOI:10.1029/2008WR007163. 
Messerli, B., Rognon, P., 1980. The Saharan and East African uplands during the quaternary, in: 
Williams, M., Faure, H. (Eds.), The Sahara and the Nile. Quaternary Environments and 
Prehistoric Occupation in Northern Africa. Balkema, Rotterdam, pp. 87–132. 
MoA. 2003. Tigray Regional State: A strategic plan for the sustainable development, 
conservation, and management of the woody biomass resources, final report. 
Ministry of Agriculture,Woody Biomass Inventory and Strategic Planning Project, 
Addis Ababa, Ethiopia 
Molina, A., Govers, G., Cisneros, F., Vanacker, V., 2008. Vegetation and topographic controls on 
sediment deposition and storage on gully beds in a degraded mountain area  Vegetation 
and topographic controls on sediment deposition and storage Earth Surf. Process. 
Landforms 34, 755–767. 
Montgomery DR, Buffington JM. 1997. Channel-reach morphology in mountain drainage basins. 
Geological Society of America Bulletin 109: 596–611. 
Nahar, N., Govindaraju, R.S., Corradini, C., Morbidelli, R., 2004. Role of runon for describing 
field-scale infiltration and overland flow over spatially variable soils. Journal of 
Hydrology. 286, 36–51. 
Nyssen, J., Frankl, A., Amanuel, Z., Deckers, J., Poesen, J., 2015. Land management in the 
northern Ethiopian highlands: local and global perspectives; past, present and future. 
Land Degradation and Development, online earlyview.  
Nyssen, J., Clymans, W., Descheemaeker, K., Poesen, J., Vandecasteele, I., Vanmaercke, M., 
Zenebe, A., Van Camp, M., Haile, M., Haregeweyn, N., 2010. Impact of soil and water 
conservation measures on catchment hydrological response-a case in north Ethiopia. 
Hydrological Processes 24, 1880-1895.  
Nyssen J, Naudts J, De Geyndt K., Haile M, Poesen J, Moeyersons J, Deckers J, 2008. Soils and 
land use in the Tigray Highlands (Northern Ethiopia). Land Degrad. Develop.19:250-
274. 
Nyssen, J., Vandenreyken, H., Poesen, J., Moeyersons, J., Deckers, J., Haile, M.,Salles, C., 
Govers, G. 2005. Rainfall erosivity and variability in the Northern Ethiopian Highlands. 
Journal of Hydrology, 311(1), 172-187. 
 19 
Pardini, G., Dunjo, G., Barrena, R., Gispert, M., 2000. Land use effects on soil response to runoff 
 generation and sediment yield in the Serra de Rodes catchment, Alt Empora, NE 
Spain, In: Rubio, JL et al. (eds.), Man and soil at the third millennium. ESSC- European 
Society of Soil Conservation, Valencia, 28 March-1 April, Book of abstracts, Valencia, 
Spain, 290-298. 
Rudloff, W., 1981,. World climates, Stuttgart, Wissenschaftliche Verlagsgesellschaft 1981, p. 632. 
Ruiz-Villanueva, V., Diez-Herrero, A., Stoffel, M., Bollschweiler, M., Bodoque, J.M., 
Ballesteros, J.A., 2010. Dendrogeomorphic analysis of flash floods in a small ungauged 
mountain catchment (Central Spain). Geomorphology. 118, 383–392 
Schumm SA. 2005. River variability and complexity. Cambridge University Press, Cambridge. 
Schumm, SA. 1977. The Fluvial systems. John Wiley and Sons, New York. 338p 
Serrano-Muela, P., Lana-Renault, N., Nadal-Romero, E., Regüés, D., Latron, J., Marti-Bono, C., 
Garcia-Ruiz, J. M., 2008. Forests and their hydrological effect in Mediterranean 
mountains: The case of the Central Spanish Pyrenees. Mt. Res. Dev.28 (3), 279–285.  
Tesfaye, K. 2003. Field comparison of resource utilization and productivity of three grain legumes 
under water stress. Ph.D. thesis in Agrometeorology. University of the Free State, South 
Africa.: Department of Soil, Crop and Climate Sciences 
Weingartner, R., Barben, M., Spreafico, M., 2003. Floods in mountain areas- an overview based 
on examples from Switzerland. J.of Hydrol. 282, 10-24. 
Wohl,  E.E., 2000. Mountain Rivers, Water Resources Monograph 14. American Geophysical 
Union: Washington, DC.  
Yitbarek TW, Belliethathan S, Stringer LC. 2012. The onsite cost of gully erosion and cost-benefit 
of gully rehabilitation: a case study in Ethiopia. Land Degrad.Develop.23:157-166. 
Zanettin, B., Justin-Visentin, E., Nicoletti, M., Piccirillo, E.M., 1980. Correlations among 
Ethiopian volcanic formations with special references to the chronological and 






Chapter 2 The role of reforestation in the 
rehabilitation of steep mountain catchments - the 




This chapter is modified from: Tesfaalem, G.A., Frankl, A., Mitiku, H., Nyssen, J., 2014. 
Catchment rehabilitation and hydrogeomorphic characteristics of mountain streams in the 
western Rift Valley escarpment of Northern Ethiopia. Land Degradation and 





The catchments in the western Rift Valley escarpment of northern Ethiopia 
are highly responsive in terms of hydrogeomorphologic changes. With 
deforestation, dense gully and scar networks had developed by the 1980s on 
the escarpment between the towns of Alamata and Korem, transporting huge 
amounts of runoff and sediment down to the fertile and densely populated 
Raya Valley. To reverse this problem, catchment-scale rehabilitation 
activities were initiated in the mid-1980s. In this study, we examine the 
major hydrogeomorphic response of streams after catchment rehabilitation. 
Scar networks in 20 adjacent catchments were mapped on Google Earth 
imagery of 2005 and their density was explained in terms of its 
corresponding Normalized Difference Vegetation Index (NDVI) and slope 
gradient. Soil and water conservation measures and vegetation recovery have 
reduced discharge and sediment flow which in turn resulted in various 
hydrogeomorphic changes. In a multiple regression analysis, scar density was 
negatively related with NDVI and positively with average gradient of very 
steep slopes (R2 = 0.53, p < 0.01, n = 20). The size and amount of sediment 
supply to streams decreased and various channel adjustments occurred. 
Notably, previously braided streams have changed to single-thread streams, 
lateral bars have been stabilized and stream channels are narrowing and 
incising. 
 
Key words: scar density; NDVI; incision; northern Ethiopia; stream 




Land degradation is a major problem in the Tigray region of the northern Ethiopia 
(Nyssen et al., 2008; Gebresamuel et al., 2009). This is mainly due to deforestation, 
overgrazing, impoverishment of the farmers, erosive rains, steep slopes (Nyssen et al., 
2004) and limited agricultural intensification (Nyssen et al., 2008). The severity of land 
degradation in this region is mostly evident in several hydrogeomorphic features, 
including dense gully and river networks (Frankl et al., 2011).  
To reverse this problem, different rehabilitation activities, composed of physical 
structures and reforestation measures including establishment of exclosures on highly 
degraded steep slopes have been carried out in the region since the mid-1980s (Mengistu 
et al., 2005; Descheemaeker et al., 2006a,  Descheemaeker et al., 2006b; Nyssen et al., 
2007; Munro et al., 2008). Stone bunds, terraces, soil bunds, trenches and check dams 
were among the commonly used physical structures (Nyssen et al., 2007) whereas the 
reforestation measures included both local and exotic species. In the study area, exotic 
Juniperous and acacia trees were planted in most parts of the catchments while eucalyptus 
trees were planted mostly on private woodlots and around setlements.  
As a result, significant changes have been registered in the region (Pender and 
Gebremedhin, 2006; Nyssen et al., 2007). A study by Descheemaeker et al. (2006a) on 
small exclosed catchments showed a significant reduction of runoff after rehabilitation. 
According to these researchers, the amount of runoff from rehabilitated exclosures 
becomes negligible when the vegetation cover surpasses 65%. Nyssen et al. (2010) in their 
turn found a reduction of direct runoff volume by 81% after catchment management, and 
Frankl et al. (2011) found gully systems to be partially stabilized. On the other hand, a 
sediment dynamics study at medium-sized catchment scale (100-10,000 km2) with mixed 
land use and land cover showed that the majority of sediment export occurs during a few 
short but intensive flash floods. Given the patchy nature of rehabilitation activities, the 
effect of the soil and water conservation measures implemented in such catchments could 
not be clearly detected (Vanmaercke et al., 2010).  
Mountain streams respond especially to changes in the bio-physical characteristics of 
catchments (Montgomery and Buffington, 1997; Liébault et al., 2002a; Defries and 
Eshleman, 2004; Lana-Renault et al., 2011). Deforestation, overgrazing, and increased 
agricultural pressure increase discharge and sediment supply to stream channels. In 
contrast, when catchments are reforested, the amount of discharge and sediment supply 
decreases, causing various forms of channel adjustments namely, channel narrowing, 
pavement development, stream incision, change of pattern from braiding to meandering, 
and colonization of bars by vegetation (Knighton, 1998; Liébault et al., 2002a; Liébault et 
al., 2002b; Kondolf et al., 2002;  Hooke, 2003; Rinaldi, 2003; Vanacker et al., 2005;  Stott 
and Mount, 2004; Keesstra et al., 2005, Liébault et al., 2005; Schumm, 2005;  Beguería et 
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al., 2006; Boix-Fayos et al., 2007;  Frankl et al., 2011; Nadeu et al., 2011, 2012; Liébault 
et al., 2012; Yu et al., 2012).  
The objectives of this study are to (1) examine the role of integrated catchment scale 
reforestation on reduction of land degradation as represented by scar networks; (2) analyze 
the relationship between land degradation and vegetation cover as well as major 
topographic variables (slope gradient and slope aspect); and (3) identify the major stream 
channel adjustments occurred in response to catchment scale vegetation cover changes. 
For this purpose, 20 catchments (12º22'-12º30'N; 39º27'-39º35'E) with a total area of 114 
km2 (Figure 2.1) were. selected. The average slope gradient of the catchments ranges from 
31% to 68% which corresponds to either a steep (30%-60%) or a very steep (>60%) 
terrain (FAO, 2006). The streams drain towards the Raya Valley, a marginal graben of the 
Rift Valley (Figure 2.1). 
 
 
Figure 2.1 Location and altitude map of the twenty catchments.  
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2.2 Data collection and analysis methods 
The data used in this study were collected from catchment scale analysis of topographic 
maps, remote sensing imagery and field observations. . 
Topographic maps with scale of 1:50,000 were used to delimit the catchment 
boundaries. A 30 m resolution digital elevation model (DEM) was used to compute the 
slope gradient and slope aspect of the catchments.  
The Normalized Difference Vegetation Index (NDVI) is among the most common 
indices widely used to indicate the amount and state of vegetation cover in a given area at 
a specific time (Myneni et al., 1995). It has been widely used by many researchers for 
measuring and monitoring vegetation cover characteristics (Leprieur et al., 2000). In semi-
arid regions, NDVI has been used for monitoring land cover change and identifying areas 
affected by land degradation (Li et al., 2004) because NDVI, being a satellite-derived 
dataset, provides spatially continuous data and yields time series signatures from which 
temporal patterns, changes and relationships may be extracted (Nicholson et al., 1998). 
The NDVI value indicates the amount and condition of green vegetation available in a 
pixel. It provides an effective measure of photo-synthetically active biomass. More 
vegetation cover is represented by higher NDVI values. Hence, the mean NDVI values of 
each catchment were computed from Landsat satellite image (Thematic Mapper) of 25 





               (2.1) 
 
Where, NIR and Red are the spectral reflectance values in the near infrared (0.76-
0.90µm) and visible red (0.63-0.68 µm) bands (Myneni et al., 1995). In theory, NDVI 
values range between -1.0 and +1.0. In practice however, they generally range between -
0.1 and +0.7. Objects like water, snow, and ice give negative NDVI values whereas bare 
soils, and other background materials produce values between -0.1 and +0.1. Vegetated 
areas have values greater than zero (Quyen et al., 2004).  
High-resolution imagery available on Google Earth is increasingly used in geographic 
studies. For example, Jacob et al. (2011) used Google Earth imagery for mapping and 
measuring treeline elevation in Ethiopia and Frankl et al. (2013) mapped geographic 
features on Google Earth imagery and made advanced analysis in Geographic Information 
System (GIS). In this study, all scars on the steep slopes of the 20 catchments were 
mapped on Google Earth imagery (from GeoEye image of 0.6 m resolution acquired in 
October 2005) and were processed in GIS to examine the status of land degradation in 
each catchment. Though both gullies and scars are important visual indicators of land 
degradation, only scars were chosen to represent changes in land degradation before and 
after rehabilitation of catchments because they are mainly related to deforestation whereas 
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gullies may develop due to other factors (Frankl et al., 2011). Preliminary observations 
show that gully erosion is not a straightforward indicator of land degradation since it is 
dependent on many variables, such as presence and thickness of alluvio-colluvial 
materials, slope gradient, and anthropogenic drainage activities. Further, scars are easily 
identifiable on high-resolution satellite images. No or very poor vegetation cover, incision 
till the bedrock, absence of large sinuosity, absence of fill material and low bottom  
roughness were the major parameters used to recognize the scars. Having prepared the 
scar density map, it was verified in the field in May 2012, by observing all slopes from 
vantage points. Then the average scar density of each catchment was explained in terms of 
average NDVI value and average slope gradient using correlation and multiple linear 
regression analysis. Pixels corresponding to scars do not have vegetation cover. Hence, 
they are expected to minimize the mean NDVI values. However, though they are 
impressive in the landscape, the area occupied by the scars is relatively small and hence 
the impact on the overall NDVI value as well as on the results of the correlation and 
regression analysis is also expected to be negligible.  
Reconnaissance surveys not only help inference of lateral and vertical channel 
adjustments but also provide representative data and contextual information on channel 
morphology as well as in-channel and sedimentary features (Downs and Thorne, 1996). In 
this study, reconnaissance surveys were first carried out in five catchments in February, 
July and September 2011 and  the geological, geomorphological and topographic settings, 
level of degradation of the catchments, the reforestation and structural methods used in 
rehabilitating the catchments, the degree of vegetation recovery as well as  the differences 
in the characteristics of the channels and the size of bedload depositions both in the 
abandoned and active channels of the streams were observed. Catchment scale detailed 
field observation was executed in all the catchments and along all major streams in May 
2012 to identify the degree of (i) channel incision, where availability of new terraces, 
recently abandoned channels and old stream channel deposits were used as indicators; (ii) 
channel aggradation as represented by sediment deposition in the active channels and or 
between side bars; (iii) widening of channels indicated by exposed tree roots, fallen or 
leaning trees, destruction of gabions, and falling of banks; (iv) conversion of single thread 
channels to braided channels or vice versa; and (v) size of boulder depositions in the 
abandoned  and active channels. 
 Interviews were also carried out with two elderly local farmers who have relatively 
better knowledge about the rehabilitation processes, situation of the vegetation cover 
before and after intervention and the hydrogeomorphic changes followed. 
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2.3 Results 
2.3.1 Scar density 
The total length of the scar networks mapped on Google Earth was 34,723 m, while the 
length identified in the field was 33,351 m. The overestimation, or networks that were 
mapped as scars but are not scars in the field, was 1866 m (5.6%) whereas the 
underestimation, or the length of scars that are present in the field but were not mapped in 
Google Earth, was 494 m (1.5% of the networks). Similarity of scars with gullies and with 
some footpaths were the major causes for mapping errors, but no systematic change could 
be observed between field observation (May 2012) and Google Earth imagery (October 
2005).  
The scar density ranges from 0.04 to 0.69 km/km2 (mean = 0.31, standard deviation = 
0.21) and the catchment-averaged NDVI values vary from 0.05 to 0.2 (mean = 0.13, 
standard deviation = 0.04) (Figure 2.2 and Table 2.1). The data further indicate some 
pattern of relationship between the two variables. Relatively low scar density exists in the 
catchments with better vegetation cover and vice versa. For example, in Gira-Kahsu 
(catchment 2, Table 2.1), where the most intensive rehabilitation activities were carried 
out and where the larger part of the catchment is exclosed, relatively high average NDVI 
value and the lowest scar density are observed. 
 
 
Figure 2.2 Average Normalized Difference Vegetation Index values (left) and scar density 
(km/km2) of the 20 catchments (right). 
 
The incidental repeat photographs of Gira-Kahsu catchment (Figure 2.3- catchment 2 in 
Table 2.1) show a gradual reduction in vegetation cover up to 1975 and a strong increase 
in 2006. The farmlands on sloping areas of the catchment observed in the 1975 photo were 
28 
totally covered by shrubs in the 2006 photo. This was also verified in the field. On the 
other hand, in the Wera’-Hara catchment (Figure 2.4 - catchment 3 in Table 2.1), where 
farmlands, grazing lands and settlement dominate the upper part of the catchment, less 
vegetation cover and the largest noticeable scars are observed in the sloping parts of the 
catchment Figure 2.4.  
 
 













1 0.13 100.1 0.31 
2 0.20 91.3 0.04 
3 0.14 89.9 0.61 
4 0.06 92.2 0.69 
5 0.13 98.4 0.39 
6 0.05 63.7 0.19 
7 0.08 78.0 0.41 
8 0.15 80.1 0.13 
9 0.09 86.4 0.67 
10 0.20 80.1 0.15 
11 0.12 70.0 0.44 
12 0.13 82.0 0.32 
13 0.12 86.0 0.60 
14 0.13 70.3 0.06 
15 0.15 60.0 0.13 
16 0.14 66.6 0.35 
17 0.17 83.3 0.20 
18 0.12 63.1 0.12 
19 0.16 74.5 0.21 
20 0.14 61.0 0.16 
Mean 0.13 78.9 0.31 
Stdev* 0.04 12.4 0.21 
* Standard deviation 
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Figure 2.3  Incidental series of repeat photographs of Gira Kahsu catchment shows expansion 
of agricultural land up to 1975 and dramatic reforestation thereafter. 
 
 
Figure 2.4 Scars incised to the bed rock on steep slope mountains with less vegetation cover 
(Wera and Hara catchments). 
 
The Pearson’s correlation (r2 = 0.28, n = 20, P = 0.012) also showed a negative 
association between scar density and NDVI values (Figure 2.5, left). No significant 
relation was observed between average slope gradient of the catchments and scar density. 
Thus, to differentiate the effect of different slope classes, pixel values of the slope gradient 
in each catchment were classified in to 10 classes according to the FAO (2006) 
classification system. Of all the classes, only the average gradient of the steepest slopes 
30 
(>60%) had a positive relationship (r2 = 0.21, n = 20, P = 0.041) with scar density 
(Figure 2.5).  
 
 
Figure 2.5 Relationship between Normalized Difference Vegetation Index and scar density 
(left) and between average gradient of the steepest slopes (>60%) and scar density 
(right).  
 
The effect of slope aspect (orientation) of catchments on scar density was also 
investigated. However, no preferential orientation of scars was observed.  
Finally, in a multi-linear regression analysis, scar density was positively related with 
steep slope gradients (>60%) and negatively with average NDVI values. Based on this 
result, the following equation is used to predict the scar density in relation to the 
explanatory variables. 
 
    01.053.001.099.204.0 2  PRSNDVISd     (2.2) 
 
Where: Sd, stands for scar density, NDVI for catchment-averaged Normalized Difference 
Vegetation Index, and S for average slope gradient of the steepest slopes (>60%).  
2.3.2 Stream bed adjustments 
Apart from the differences in scar density, variations were also observed in the field 
between forested and less forested catchments in terms of (1) size and amount of 
sediments deposited in their channels, and (2) stream channel adjustments. In many of the 
less forested catchments (NDVI range of 0.06-0.14, scar density of 0.41-0.69 km/km2) and 
where grazing and cultivation takes place in the upper part of the catchments, deposition 
of large boulders and aggradation occur in the active channels (Figure 2.6A). In many of 
the relatively forested catchments (NDVI range of 0.15-0.2, scar density of 0.04-0.2) with 
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no or less farming and grazing lands in their upper catchment however, very few small 
boulder depositions were observed in the active channels while accumulations of large 
boulders were noticed in their abandoned channels (Figure 2.6B).  
 
 
Figure 2.6 Large boulders recently deposited in the active channel of the less forested 
catchment (A) and the gravelly active channel of the reforested Gira Kahsu 
catchment, finding its way between older boulder deposits (B).  
 
In certain cases, sediments trapped around riverine trees were good indicators of 
changes in the amount of sediment deposition before and after reforestation of the 
catchments. For example, the trunks of two of the remnant original trees in Gira-Kahsu 
catchment (Figure 2.7) were buried by successive sediment deposits when the catchment 
was degraded. Consequently, new roots have grown all along the trunk. The stones and 
boulders trapped in the tree crowns indicate the level up to which sediment was deposited. 
After reforestation, the channel of the stream incised along the trees and parts of the trunks 
were exposed. Now, new branches are growing again on the exposed part of the trunks. 
 
 
Figure 2.7 Riverine trees were buried by sediment before the catchment was reforested. 
Reincision allows to observe the thickness of the sediment deposition and roots 
that developed in it. Stones and boulders are still trapped in the crowns of the trees. 
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Abandonment of previously braided channels in favour of single thread streams 
(Knighton, 1998), narrowing and lateral displacement of active channels, colonization of 
lateral bars by vegetation (Boix-Fayos et al., 2007), abandonment of previously braided 
channels (Figure 2.8) and downstream channel incision (Gordon and Meentemeyer, 2006) 
were among the most important stream channel adjustments observed in response to 
improvements in vegetation cover of upper catchments and its subsequent effect on 




Figure 2.8 Abandoned channels. The river now flows in one of the preexisting channels and 
deepens it (B).  
2.4 Discussion 
In agreement with earlier research findings in the region (e.g. Mengistu et al., 2005; 
Pender and Gebremedhin, 2006; Nyssen et al., 2008; Meire et al., 2013), the vegetation 
cover in several catchments has improved thanks to the different management 
interventions executed since the mid-1980s. Similarly, a study by Gebrehiwot and Van der 
Veen (2013), in Enderta district of Tigray region showed a substantial increase in 
vegetation cover of exclosures between 2000 ( NDVI = 0.10 to 0.22) and  2008 (NDVI = 
0.15 to 0.39). As reported by the elderly people and verified in the field, generally, all 
types of interventions contributed for the improvements of the vegetation cover of the 
catchments though the exclosed catchments and sub-catchments showed relatively better 
improvements owing to less or no contact with livestock and human beings. However, the 
average NDVI values of the catchments (Table 2.1) remain relatively low due to (1) the 
presence of other land covers such as rock outcrops and other land uses like farmlands, 
settlement, grazing land or bare lands, and (2) the relatively high grazing pressure 
(especially along roads and footpaths) causing sparse vegetation complexes to dominate.  
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The erosion control measures and vegetation recovery reduced land degradation which, 
in turn, was followed by various hydrogeomorphic changes. As shown in both the Pearson 
correlation and multiple linear regression analysis, scar density, which is one of the most 
easily discernible indicators of the status of land degradation and hydrogeomorphic 
characteristics of the landscape, significantly decreased with increasing vegetation cover. 
Often, scars now remain as relicts on the slopes, being overgrown by vegetation. This is in 
line with many studies in semi-arid regions which showed positive relations between plant 
cover and NDVI values. For example, Amiri et al. (2010), Sepheri (2003) and Khajeddin 
(1995) found significant relations between NDVI values and field vegetation cover data. 
This is due to the fact that when the vegetation cover increases, the NDVI value increases 
owing to strong reflection of the near infrared bands by the plant cover (Amiri et al., 
2010). Conversely, low vegetation cover results in lower NDVI values due to the effect of 
the background soil (Apan et al., 1997). The positive association of scar density with very 
steep slope gradients (> 60%) expectedly indicates that these areas are very vulnerable for 
incision because topographic features such as slope gradient enhance erodibility, showing 
that steep land is more vulnerable to erosion than flat land (Hudson, 1981).  
Similar stabilization of gullies due to the successful implementation of soil and water 
conservation measures in the region has been reported by Frankl et al. (2012).  
Vegetation cover largely determines runoff and sediment delivery to streams. Initially, 
in the deforested catchments (1980s situation), runoff production was high and so was 
sediment production by the streams (Coulthard and Macklin, 2001). This is evidenced by 
large boulders present in many of the abandoned channels and by the thickness of flood 
deposits filling valleys, to the extent of fully covering trunks of riverine trees (Figure 2.7). 
Similarly, at present, the less forested catchments are still producing high peak discharges, 
transporting large boulders and producing huge amounts of sediment.  
These findings are in line with similar studies carried out in the region in relation to 
reforestation and its impact on runoff production and sediment transportation (e.g. 
Descheemaeker et al., 2006a, Descheemaeker et al., 2006b, Nyssen et al., 2009). 
Bruijnzeel (2004) and Huang and Zhang (2004) also found similar results. In the study 
area, the runoff and sediment supply to the stream channels have been reduced greatly 
after reforestation. Consequently, the transport capacity of streams was reduced and only 
small boulders and flood deposits of limited thickness were observed in the active 
channels of the reforested catchments. Worldwide, changes in discharge and sediment 
load cause channels to adjust their shape and size (Schumm, 1977; Petts, 1979, Knighton 
1998). With reducing discharges and sediment loads, typical changes are the abandonment 
of the previously braided channel patterns in favor of a single thread stream, lateral 
displacement and deepening of active channels and stabilization and colonization of 
lateral bars by vegetation cover (Figure 2.9). Such changes were widely observed in the 
streams of the reforested catchments of our study. When sediment load reduction is more 
important than peak flow reduction, the water flow becomes relatively clear due to 
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retention of sediment by the vegetation in the catchments (e.g. Boix-Fayos et al., 2007) 
and this situation results incision on previously aggraded channels  
 
 
Figure 2.9 Stream channel adjustments in the lower reach of the Gira Kahsu catchment.  
2.5 Conclusion 
Overall, the vegetation cover of many catchments in the study area has improved due to 
the catchment-scale reforestation activities carried out since the mid-1980s. This was 
followed by many changes in hydrogeomorphic characteristics. Based on the results, the 
following points are concluded: 
(1) Land degradation as represented by scar density decreases with increasing 
vegetation cover. A multi-linear regression analysis (r2=0.53, P<0.01, n=20) 
showed a negative relationship between scar density and NDVI and a positive 
relation with the occurrence of naturally vulnerable very steep slope gradients 
(>60%).   
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(2) The volume and size of sediment transported by the streams are reduced after 
reforestation. Old boulder deposits in the abandoned channels, thick layers of flood 
deposits around riverine trees and reduction of size and volume of newly deposited 
sediment in the active channels were observed in the reforested catchments 
indicating the impact of the reforestation in reduction of discharge and sediment 
supply. On the other hand, sediment supply continues unabatedly to the channels in 
the less reforested catchments.  
(3) Various stream channel adjustments occurred in response to the changes in 
discharge and sediment load. Abandonment of many of the previously braided 
stream channels in favor of single thread streams, stabilization and colonization of 
lateral bars by vegetation and incision of lower stream channels were observed in 
the field.  
 
Unlike earlier catchment studies in nearby areas where catchments were insufficiently 
differentiated to demonstrate effects of variable land use, this study has shown that 
catchment reforestation in northern Ethiopia has led to a remarkable stabilisation of the 
slopes in less than 30 years as well as to narrowing and incising rivers that should be 
interpreted as signs of a resilient catchment. 
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Chapter 3 Land cover change since 1936 as 
quantified from aerial photos and Google Earth 
imageries   
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Analysis of spatio-temporal changes in land cover is a fundamental input for 
understanding the situation of the natural environment in relation to changing 
human activities and natural factors. Due to a long history of land 
degradation and the reforestation interventions initiated as of the second half 
of the 1980s, land cover change has been common phenomenon in the 
northern Ethiopian highlands. Several land cover studies have been carried 
out in the region but, most of them hardly address land cover changes before 
the 1960s. In this study, with the objective of analyzing spatio-temporal 
changes in land cover over the last eight decades, 11 steep (0.27-0.65 m m-1) 
mountain catchments were selected from the western Rift Valley escarpment 
of northern Ethiopia. Land cover change analysis was carried out using the 
aerial photos of 1936, 1965 and 1986 as well as Google Earth imageries of 
2005 and 2014. Detail field verification was made to validate the land cover 
maps. The results showed that cropland has increased between the 1960s and 
first half of the 1980s while vegetation cover decreased. Due to the 
reforestation interventions initiated as of the second half of the 1980s, forest 
cover increased from 9% in 1986 to 23% in 2005 and 27% in 2014 while 
total woody vegetation cover (forest, bushland and shrubland) increased from 
52% in 1986 to 62 % in 2005 and 2014. On the other hand, the proportion of 
cropland decreased from 43% in 1986 to 31% in 2005 and 2014. Therefore, 
this study demonstrates the potential of reforestation interventions in 
rehabilitating severely degraded catchments over a relatively short period of 
three decades even in mountain regions with high rainfall variability.  
 
Key words: Aerial photo, Deforestation, Google Earth imagery, Land 





3.1 Introduction  
Land degradation has been a common phenomenon for long time in the Northern 
Ethiopian highlands (Hurni, 1988; Hurni and Perich, 1992; Bewket and Stroosnijder, 
2003) and in the Tigray region in particular (Nyssen et al., 2008a; Gebresamuel et al., 
2009). Deforestation, overgrazing, impoverishment of the farmers, erosive rains and steep 
slopes (Nyssen et al., 2004) are the major causes. Moreover, this part of the country has 
been settled and ploughed since three millennia. More people are concentrated particularly 
in the highlands where climatic conditions are more favorable for life and crop cultivation. 
As a result, rapid population growth coupled with unchanged agricultural technology has 
aggravated the pressure on the environment (Hurni, 1988; Belay et al., 2014; Teshome, 
2014). Consequently, the ever increasing population has led to fragmentation and 
increasing demand for cultivated land. A study by Teshome (2014) showed about 55% of 
the households in Tigray have only 0.5 hectare of farm land. Thus, in order to expand 
farm lands, people usually encroach to very steep slopes and marginal lands which are 
highly susceptible to land degradation (Hurni, 1988; Teshome, 2014) or convert other land 
cover types like grasslands and forests which in turn exacerbate land degradation.  
In order to counteract land degradation, different rehabilitation measures were put into 
effect both at national and regional levels since the second half of the 1980s (Asefa et al., 
2003; Mengistu et al., 2005; Birhane et al., 2006; Nyssen et al 2008a, Nyssen et al., 
2008b, Nyssen et al., 2010; Mekuria and Aynekulu; 2011; Balana et al., 2012). Highly 
degraded steep slopes were exclosed from animals and human beings, community 
woodlots were established, and the remaining natural areas and forests were protected by 
prohibiting wood extraction and grazing (Descheemaeker et al., 2006; Balana et al., 2012) 
and various soil and water conservation activities composed of both physical structures 
and reforestation measures were carried out (Nyssen et al., 2008a). These initiatives have 
proven that land recovery is possible even in the severely degraded environments (Fikir et 
al., 2009; Frankl et al., 2011; Frankl et al., 2012; Munro et al., 2008, Nyssen et al., 2015a).  
As people manipulate their land, they change the land cover directly or indirectly. 
Nowadays, the rate, extent and intensity of land cover changes are far greater than ever in 
history worldwide (Teshome, 2014). Though natural factors like climatic variations have 
their own role, the impact of human activities in bringing land cover changes dominated 
the changes brought by climatic variations of the past few thousand years (Turner et al., 
1993; Turner et al., 2003; Lambin et al., 2003). Thus, nowadays, land cover change has 
become great environmental concern of human beings, because of its effects on climate 
change (Bounoua et al., 1999), loss of biodiversity (Hansen et al., 2004), hydrology 
(DeFries and Eshleman, 2004), loss of biodiversity and the pollution of water, soils and air 
(Teshome, 2014). Hence, it has attracted the attention of national and international 
researchers (Turner et al., 2007). 
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The northern Ethiopian highlands are not different in terms of the rate and extent of 
land cover changes. Many researchers have highlighted that land cover change has 
become a widespread phenomenon over the last couple of decades in the region (Zeleke 
and Hurni, 2001; Bewket, 2002; Tegene, 2002; Amsalu et al., 2007; Tsegaye et al., 2010;  
Teferi et al., 2013). As part of the Northern Ethiopian highlands, the catchments in the 
western Rift valley escarpment were severely degraded up to the first half or the 1980s as 
a result of which, dense gully and scar networks were developed transporting huge 
discharge and sediment volumes down to the Raya Graben. Reforestation interventions 
including establishment of exclosures, abandonment of farming in the steep slopes and 
resettlement of residents from part of the severely degraded catchment (Gira Kahsu 
catchment) were carried out as of the second half of the 1980s with the primary objective 
of protecting Alamata town from the devastative flooding which prevailed at that time.  
Though land cover changes in the region have been well studied, no detail study was 
carried out in the western Rift valley escarpment of Ethiopia on detecting land cover 
changes since the 1930s. Therefore, the main objectives of this study were to: (i) detect 
the major land cover changes of eleven catchments since 1936 and (ii) explain the 
magnitude, trend and rate of land cover changes over the last eight decades.  
3.2 Methods and materials 
3.2.1 Analysis of land cover changes   
Remote sensing data are one of the most useful data sources for studies of spatio-temporal 
variability in land cover. They have been used widely for identifying and mapping 
landscape changes as well as for sustainable landscape planning and management (Dewan 
and Yamaguchi, 2009). They are usually integrated with GIS techniques to analyze and 
classify the changing patterns of land cover over long time period. Particularly, aerial 
photos came in to existence much before satellite imagery and hence, provide past 
information with high spatial resolution which is invaluable in land use/cover change 
detection studies over long time period (Erener and Düzgün, 2009; Fichera et al., 2012). 
Similarly, Google Earth imagery has recently been used increasingly for mapping land 
use/cover (Abbas et al., 2010; Hu et al., 2013). Jacob et al. (2015) also used Google Earth 
imagery for mapping and measuring tree line elevation in Ethiopia.  
In this study, land cover change analysis was carried out from both black and white 
aerial photos (1936, 1965 and 1986) and Google Earth imageries (2005 and 2014) 
complemented with detail field verifications. Since the 2014 Google Earth imagery of the 
study area was not released earlier, the 2005 land cover map was taken as a base for 
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change calculation. The digitization process was carried out on screen using ArcGIS 
software (version 10) and stereoscopes were used to supplement the mapping process.  
 
3.2.2 Pre-processing of aerial photos 
The 1986 and 1965 aerial photos were obtained from the Ethiopian Mapping Agency 
(EMA) and were scanned at 600 dpi. The Google Earth imagery of 2005 was used to 
georeference these aerial photos. Stable land marks like churches, river confluences and 
bends, and big trees were used as co-registration points. Totally, 213 well spread co-
registration points which are visible on both the aerial photos and Google Earth imagery 
were recognized. A minimum of 5 tie points per km² were identified, resulting in a total of 
250 tie points on each aerial photo. Such tie point density can yield reasonable results in 
small areas (Hughes et al., 2006; James et al., 2012). Finally, a third order polynomial 
transformation was applied.   
The 1936 aerial photos are the earliest sources of land cover data in the study area. 
These photos were acquired during the Italian invasion of Ethiopia in 1935-1936 and were 
recently recovered from the Ethiopian Mapping Agency (Nyssen et al., 2015b). Totally, 
21 photos were orthorectified. In this case, a minimum of 20 tie points per photo were 
used, which results in 6.3 tie points per km2. Then, first and second order polynomial 
transformations were applied to the photigraphs, depending on the height differences 
covered in each photograph. The 1936 photographs did not cover the western part of the 
Hara, Gira Kahsu upper, Gira Kahsu lower and Mistay Aha catchment. Like the 1986 and 
1965 aerial photos, they were scanned with a resolution of 600 dpi (Nyssen et al., 2015b). 
The aerial photographs of 1936 used in this study belong to two different flights with a 
three day interval (22 March 1936, Corbetta - Korem and 25 March 1936 Korem - 
Dessie). 
Once the historical aerial photos were georeferenced, an accuracy assessment was 
carried out by calculating the root mean square error (RMS) of the aerial photos 
(Table 3.1). The 1965 aerial photo (8.1 m) and the 1986 (9.5 m) were relatively more 
accurate than the 1936 aerial photo (21.4 m). In such a mountainous area with elevations 
ranging between 1500 and 3100 m, the RMS errors of the 1965 and 1986 aerial photos are 
acceptable. Frankl et al. (2013) who also used co-registered aerial photos of the same 
years in a nearby area yielded an average horizontal positional accuracy of 8.4 ± 3.3 m.  
In this study, the minimum mapping unit (MMU) used to digitize the land cover maps 
was set on 50 m, which is twice the value of the highest RMS value (the RMS error of the 





Table 3.1 Data sources for land cover detection 





 Google Earth 
imagery 
2005, 2014 0.6 meter - 
 Aerial Photos 
 
1986 (1 photos) 1:50,000 9.5 
1965 (1 photo) 1:50,000  8.1 
1936 (21 photos) 1:11,500 – 1:18,000 21.4 
 Topographic Map 1987 (2 maps) 1:50,000 - 
 GPS(Garmin) - ± 8 meter - 
 
After conducting detailed field observations, 10 pre-defined land cover classes 
(Table 3.2) were selected based on the work of De Mûelenaere et al., (2014) in the wider 
region of the study area. A series of detail aerial photos (1936-1986) and Google Earth 
imagery of 2005 and 2014 together with a total of 213 ground control points (GCPs) and 
photographs each land cover class taken from the field were used during the digitization 
process. On screen digitization process was used in the land cover mapping. This was 
complemented by stereoscopic analysis. To ensure the quality of the land cover mapping, 
detailed verification was carried out in the field.  
 
Table 3.2 Definition of land cover classes. Adapted from de Mûelenaere et al. (2014) 
Class Definition 
Bareground    0% trees, < 10% shrubs, (< 3m), < 10 % herbs and grasses, 
bare ground with no visible use or used as range land 
Wetland Rivers, shallow ponds, and riparian vegetation 
Traditional village Mix of houses, roads, paths, stone walls, gardens and trees 
(mainly Eucalyptus), where more than 50 % of the houses have 
a thatched or traditional soil roof 
 
Cropland Cultivable land (at the moment of image recording) bare land 
with some weeds. 
Grassland 0% trees, 0% shrubs, > 90 % herbs and grasses used as grazing 
area, sometimes set aside for a few months to allow 
regeneration 
Shrub land 0 % trees, 10–50 % shrubs (< 3 m), 10–80 % herbs and grasses 
Bushland 0 % trees, > 50 % shrubs (< 3 m), 10–80 % herbs and grasses 
Open forest Tree canopy cover 10–50 % 
Forest Tree canopy cover 50-80% 
Dense forest Tree canopy cover > 80% 
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3.3 Results 
3.3.1 Land cover maps for 1936, 1965, 1986, 2005 and 2014 
The land cover map analysis of the five periods revealed great spatio-temporal variability 
among the ten land cover classes. The aerial photos of 1936 did not fully cover the study 
area, which resulted in gaps in the western part (Figure 3.1). Hence, it is difficult to make 
complete explanation on the situation in 1936. Generally, the largest share of the study 
area at that period was covered by cropland (31%) followed by shrubland (28%) and 
bushland (27%). Forest cover occupied 6% while the share of open forest was 3%. The 
joint proportion of open forest, forest and dense forest was 10% while woody vegetation 
cover (shrubland, bushland, open forest, forest and dense forest) comprised 65% of the 
study area. The northern and western part was dominantly covered by cropland while the 
southern and south eastern part by shrubland and bushland.   
 
 
Figure 3.1 Land cover map for 1936 
 
In 1965 (Figure 3.2), about half of the study area was covered by cropland (48%) while 
bushland (19%), shrubland (17%) and open forest (7%) were the other dominant land 
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cover classes. The joint proportion of open forest, forest and dense forest cover was 12% 
while woody vegetation cover comprised 48% of the study area. There was no dense 
forest cover at this period. Compared to 1936, a southwestward expansion of cropland 
towards south west (i.e. down along the escarpment) had taken place by 1965.  
 
 
Figure 3.2 Land cover map for 1965 
 
Like in 1965, cropland and bushland were the dominant land cover classes in 1986. 
However, the proportion of bushland increased to 30% while the proportion of cropland 
was reduced to 43%. On the other hand, open forest reduced to 4%. Shrubland constituted 
14% while the joint proportion of open forest, forest and dense forest reduced to 9%. 
Woody vegetation cover comprised 52% of the study area (Figure 3.3). At this period, 
significant part of the shrublands in the southern and south eastern part of the study area 
was converted to bushlands and croplands. Especially, remarkable change was observed in 
the Gira Kahsu catchment where most of the croplands observed in 1965 were converted 
to bushland in 1986. Moreover, dense forest started to appear in the western part of the 
Wera and Hara catchments.    
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Figure 3.3 Land cover map for 1986 
 
By 2005 (Figure 3.4), a dramatic increased was observed in the proportion of woody 
vegetation cover. The size of cropland reduced from 43% in 1986 to 31% while the 
proportion of forest cover was increased to 23%. Bushland covered (30%) of the total 
study area while open forest (11%) and shrubland (9%) were the other dominant land 
cover classes. Woody vegetation cover increased from 52% in 1986 to 62%. Most part of 
the southern and south eastern side of the study area was converted from shrubland and 
cropland to bushland while the proportion in the northern and western part increased 
largely.    




Figure 3.4 Land cover map for 2005 
In 2014, though, still cropland (31%) and bush land (30%) were the dominant lands 
cover classes, the proportion of total forest cover further increased from 23% in 2005 to 
27%.  Woody vegetation cover occupied 62% of the study area (Figure 3.5, Table 3.3).  
 
 
Figure 3.5 Land cover map for 2014 
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Vegetation cover (forest + grass) (%) 
1936 1965 1986 2005 2014 
Wera 12.5 10.2 9.8 27.5 28.4 
Mistay Aha 21.8 18 18.7 26.6 29.6 
Hara 10.9 9.5 8.1 22.8 25.4 
Gira Kahsu upper 44.5 50.4 28.1 51 51 
Gira Kahsu lower 16.7 41.4 22.4 50.5 57.5 
Hawla upper 12.1 4.9 4.7 3.9 3.9 
Hawla lower 14.8 7.6 17.3 11 15.6 
Jeneto upper 0 0 0 0 8.9 
Jeneto lower 0 0 0 0 8.4 
Maliko 0 0 0 15.4 16 
Bora 0 0 0 10.5 12.7 
Average 12.12 12.91 9.92 19.93 23.40 
Sdv 13.3 17.4 10.2 18.0 17.4 
3.3.2 Magnitude, pattern and rate of land cover changes between 
1936 and 2014 
The trend of land cover change over the last eight decades shows two distinct periods: (i) 
reduction of vegetation cover between 1965 and 1986, and (ii) improvement of vegetation 
cover and reduction of cropland after 1986. 
In 1936, though, the aerial photo did not cover the whole study area, cropland (31%), 
shrubland (28%) and bushland (27%) were the dominant land cover classes. Total forest 
cover consisted 10% while coverage of the woody vegetation cover was 65% of the total 
area  
In 1986, the proportion of cropland was 43% of the total study area but it reduced to 
31% in 2014. Between 1965 and 1986, the size of cropland decreased by 5% but this rate 
of reduction increased to 12 % between 1986 and 2005 and to 12.3% between 1986 and 
2014. Conversely, open forest reduced by 3.2% between 1965 and 1986 but increased by 
6.6% between 1986 and 2005 and by 8.4% between 1986 and 2014. 
Similarly, dense forest, which did not exist in 1965, and constituted only 0.3% in 1986, 
increased by 8% between 1986 and 2005 and by 8.8% between 1986 and 2014 
(Table 3.4). 
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Bushland remained relatively stable covering 30% of the total size of the study area 
except in 1965 where its coverage reduced to 19% (Figure 3.6). On the other side, the size 
of bareground continuously decreased over the last eight decades while the size of 
traditional village increased continuously (Figure 3.6).  
 
 
Figure 3.6 Land cover class proportions for 1936, 1965, 1986, 2005 and 2014 
 
Table 3.4 Magnitude, pattern and rate of change in vegetation cover between 1936 and 
2014 
Land cover change BG WL TV CL GL SL BSL OF F DF 
1965-
1986 
Area (ha) -7.5 -2.5 22.5 -168.9 -2.7 -114.6 385.0 -115.3 -6.1 10.2 





Area (ha) -28.4 7.5 86.0 -436.0 17.6 -162.9 13.4 240.7 -9.1 272.4 
% change -0.8 0.2 2.4 -12.0 0.5 -4.5 0.4 6.6 -0.3 7.5 
2005-
2014 
Area (ha) -1.5 0.4 32.2 -12.3 -1.5 -144.8 -6.2 67.0 17.1 50.6 
% change 0.0 0.0 0.9 -0.3 -0.0 -0.4 -0.2 1.8 0.5 1.4 
1965-
2014 
Area (ha) -37.4 5.4 140.6 -617.2 13.4 -422.4 392.2 192.4 1.9 333.2 
% change -1.0 0.1 3.9 -16.9 0.4 -11.6 10.7 5.3 0.1 9.1 
1986-
2014 
Area (ha) -29.9 7.9 118.2 -448.3 16.1 -307.7 7.2 307.7 8.0 323.0 
% change -0.8 0.2 3.2 -12.3 0.4 -8.4 0.2 8.4 0.2 8.8 
BG= bareground, WL= wetland, TV= traditional village, CL= cropland, SL= shrubland, BSL= bushland,  
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Catchment-based analysis of the land cover changes (Figure 3.7) also revealed great 
differences in terms of the magnitude, pattern and rate of changes. In all the catchments, 
cropland decreased after 1986 while total forest cover showed a remarkable increment 
after 1986 except in Hawla upper, Jeneto upper and Jeneto lower catchments where forest 
cover started to appear after 2005. Particularly, in Gira Kahsu upper catchment, total 
forest cover increased by 82% between 1986 and 2014 while in Gira Kahsu lower 
catchment it increased by 156% between 1986 and 2014.  
 
 
 BG= bareground, WL= wetland, TV= traditional village, CL= cropland, SL= shrubland, BSL= bushland, 
Figure 3.7 Catchment based land cover classes (1936-2014) 
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3.4 Discussion  
The land cover change analysis over the last eight decades revealed two different trends 
before and after the first half of the 1980s. The 1965 and 1986 aerial photos revealed that 
cropland was the dominant land cover class covering 48% and 43% respectively. As 
evidenced by the incidental series of repeat photographs of the Gira Kahsu, Wera and 
Hara catchments (Figure 3.8 and Figure 3.9), the steep slopes of these catchments were 
not ploughed in 1939. Between 1940s and first half of 1980s, however, not only increment 
in the size of croplands but also rapid expansion to the sloping areas were widely 
observed; followed by reduction in vegetation cover. Hence, as compared to the situation 
in 1936, 2005 and 2014, woody vegetation cover was lower in 1965 and 1986 (Table 3.4).  
 
Figure 3.8 In 1939, the steep slopes of the Gira Kahsu catchment had relatively better shrub 
and bush covers and the steep slopes were not ploughed. In 1970, the vegetation 
cover decreased while the steep slopes were cultivated. In 2006 and 2015, again 
the vegetation cover was improved and the steep slopes were not cultivated any 
more. Photo credits: 1936 IAO, 1970 Larry Workman, 2006 Jan Nyssen, 2015, 




Figure 3.9  In 1974 (left) the Wera and the upper part of Hara catchments were devoid of 
vegetation cover and many fragmented croplands existed on the steep slopes. In 
2006 and 2015, the croplands in the steep slopes were replaced mostly by 
Juniperous trees. Photo credits: 1974 Neil Munro, 2006 Jan Nyssen, 2015, 
Biadgilign Demissie  
 
According to the local farmers, this situation is attributed mainly to the droughts and 
subsequent famines occurred between 1950s and 1980s where failure of crops enforced 
farmers to plough the sloping areas which were previously covered by vegetation cover. 
Ethiopia witnessed two major recent famines in the 20thC: the famine of 1972-1975 and 
1982-1985 (Woldemariam, 1986; Kumar, 1987; Keller, 1992). But Tigray (1957-1958) 
and Wollo (1966) regions had already been affected by severe famine (Woldemariam, 
1986; Devereux and Berge, 2000) before they were again subjected to the two major 
famines of the 1970s and 1980s. Later, the study area became the epicenter of the 1984 
famine when Ethiopia’s largest camp for the victims of drought and famine was 
established in Korem. No study was conducted on the impact of the concentration of tens 
of thousands of people in the camp on deforestation of the catchments in the study area. 
However, the local farmers reported that the establishment of the camp in the study area 
exacerbated the rate of deforestation. Moreover, during the Feudal land holding system, 
the poor land less farmers were forced to farm on marginalized steep slopes (Lanckriet et 
al., 2014).On top of these problems, the catchments were suitable camping areas for the 
army of the Derg regime during their fight against the Tigray Peole’s Liberation Front 
(T.P.L.F) (the then rebel movement and nowadays part of the EPRDF government). 
Hence, especially the juniperus trees were selectively cut for making trenches in and 
outside the catchments. Ultimately, by 1975, most part of the steep mountains were devoid 
of vegetation cover and were converted to croplands.  
In 1985 and the couple of years that followed, the rainfall was relatively good (Keller, 
1992) in most parts of the country and especially in the study area. However, high runoff 
and associated sediment movement from the deforested catchments caused devastative 
flooding in Alamata town and the nearby villages where it claimed the life of many people 
and livestock. In response to this problem, integrated rehabilitation measures including 
physical structures (stone bunds, terraces, soil bunds, trenches and check dams), 
reforestation measures and establishment of exclosures in the severely degraded 
catchments (Aerts et al., 2004) were initiated. Therefore, the dramatic decline in the 
proportion of cropland and increase in vegetation cover (Table 3.4) which occurred in 
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most of the catchments after 1986 was due to the intensive reforestation interventions 
initiated as of the second half of the 1980s, initially with the main objective of protecting 
Alamata town from devastative flooding. Particularly, the establishment of exclosure in 
most part of the Gira Kahsu catchment and prohibition of ploughing on its sloping parts 
resulted remarkable increase in forest cover from 22% in 1986 to 50% in 2005 and to 58 
% in 2014. 
In terms of changes in the proportion of vegetation cover, the Hawla catchment was a 
bit different from the other catchments where the proportion of vegetation cover in 1986 ( 
17%) was higher than in 2005 (10%) though increased later in 2014 (15%). This could be 
due to its relative distance from the nearby villages and from Korem and Alamata towns 
where up to the first half of the 1980s it did not attract people for ploughing and wood 
collection; Hawla became attractive as an alternative cultivation area when most of the 
Gira Kahsu was exclosed in the second half of the 1980s.  
3.5 Conclusion 
In this study, analysis of land cover changes over the last eight decades was carried out 
using aerial photos (1936, 1965 and 1986) as well as high resolution Google Earth 
imageries (2005 and 2014). Cropland was the dominant land cover class over the last eight 
decades followed by bushland. The land cover analysis revealed that the period between 
1965 and 1986 was mainly characterized by expansion of cropland and reduction of 
vegetation cover. Rapid deforestation and expansion of cropland to the sloping parts of the 
catchments up to the first half of the 1980s was the common phenomenon observed. After 
the second half of the 1980s, due to the intensive reforestation interventions , a dramatic 
improvement in the vegetation cover and reduction in the proportion of cropland was 
observed. Forest cover increased from 9% in 1986 to 23% in 2005 and to 27% in 2014 
while cropland decreased from 43% in 1986 to 31% in 2005 and 2014. Though the 
improvement in vegetation cover after 1986 was common to all the catchments, in the 
Gira Kahsu catchment, the magnitude was dramatic where forest cover increased from 
22% in 1986 to 50% in 2005 and 58% in 2014. This is due to the fact that, most part of the 
catchment is still exclosed and protected by guards despite the fact that major 
transportation from Korem to Alamata passes across the catchment.  
Over all, this study demonstrates that integrated reforestation interventions initiated as 
of the second half of the 1980s in response to the severe deforestation of the catchments 
which prevailed between the 1960s and the first half of the 1980s have resulted in 
remarkable improvement in vegetation cover in less than 30 years and this implies the 
possibility of reclaiming heavily degraded steep catchments. 
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Peak discharge is an important hydrological parameter of mountain torrents. 
However, due to the flashy and destructive nature of their stream flows, it is 
usually difficult to understand the hydrological behavior of steep mountain 
catchments through direct measurements of discharges. In this study, 332 
daily peak discharge events from 11 steep (0.27-0.65 m m-1) catchments (0.4-
25 km2) were measured in three rainy seasons (2012-2014) with the objective 
of analyzing runoff response of steep mountain catchments in the western 
Rift Valley escarpment of Northern Ethiopia. Seven rain gauges were 
installed at different altitudes (1623-2851 m a.s.l.) in and nearby the 
catchments. Peak discharge events were calculated using the Manning’s 
equation from measurements of maximum discharge height at 11 crest stage 
gauges. Percentages of land cover classes were detected from high resolution 
(0.6 m) Google Earth Imagery (February 1, 2014). Morphometric 
characteristics of the catchments were computed both from ASTER digital 
elevation model (DEM) and topographic maps. Correlation analysis between 
precipitation (Pd) and peak discharge (Qp) events showed strong positive 
relation (R2 = 0.32 to 0.94, P < 0.05) in all the catchments. Average 
catchment-specific peak discharge coefficient (Cp) showed a strong 
decreasing relation with vegetation cover (R2 = 0.85, P < 0.01), relative 
distance of vegetation cover from the thalweg (R2 = 0.55, P < 0.01), 
combined index of vegetation cover and its relative distance from the thalweg 
(R2 = 0.76, P < 0.01), catchment length (R2 = 0.37, P < 0.05), time of 
concentration (R2 = 0.43, P < 0.05) and average soil depth (R2 = 0.42, P < 
0.01). It was correlated positively with catchment slope gradient (R2 = 0.37, P 
< 0.05) and index of vegetation distribution (R2 = 0.45, P < 0.05). A stepwise 
multiple regression analysis revealed that 99% (P < 0.01) of the variability of 
catchment-specific peak discharge coefficient in the catchments can be 
predicted by vegetation cover and infiltration number. Overall, this study 
demonstrates that in reforesting steep mountain catchments, where direct 
measurement of discharges using the conventional methods is difficult due to 
the flashy and destructive nature of the stream flows, hydrological variability 
can easily be understood using simple measurements of precipitation and 
peak discharge events. Further, runoff response is determined by daily 
precipitation and strongly by percentage of vegetation cover and its strategic 
location: farther from the thalweg in the sloping sides of the catchments.  
Key words: runoff, geomorphometry, crest stage gauge, mountain streams, 
land cover.  
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4.1 Introduction 
The hydrological behaviour of mountain streams is mainly controlled by interrelations of 
precipitation variability, vegetation cover, and local topographic factors (Markewich et al., 
1990; Nahar et al., 2004; Begueria et al., 2006). Due to their steep stream gradient profiles 
(Markewich et al., 1990), the high intensity of precipitation in such catchments (Buytaert 
et al., 2006) leads to high flow velocities and extreme peak discharges; usually associated 
with destructive torrents and floods (Weingartner et al., 2003; Ruiz-Villanueva et al., 
2010). The instantaneous nature of their occurrence and their high capacity of transport 
usually leads to flash floods producing environmental, economic and human losses 
(Gaume et al., 2009).  
The relation between precipitation and discharge in mountain areas have been studied 
widely (Garcia-Ruiz et al., 2008; Merz and Bloschl, 2009; Lopez-Tarazon et al., 2010) 
and most of the studies showed positive relation between these variables. Similarly, many 
geomorphometric studies have been made in relation to discharge. The oldest studies are 
traced back to Horton (1945) who developed morphometric analysis and Strahler (1952) 
who made certain modifications to the work of Horton. Potter (1953) and Benson (1962) 
found positive correlation between peak discharge and catchment area. 
A change in vegetation cover effectively regulates discharge generation from 
mountainous catchments (Harden, 1993). Good vegetation cover reduces overland flow 
velocity and increases infiltration by protecting the soil against rain drop impact and 
reducing the erosive capacity of the rain (Casermeiro et al., 2004; Molina et al., 2007) 
whereas deforestation typically leads to increased peak discharge (Bonan et al., 2004). 
The runoff behavior of catchments different land cover classes and the effects of land 
cover change on discharge generation have already been examined by different 
researchers (Pardini et al., 2000; Dunjo et al., 2003) and most of them have concluded on 
the negative relation between vegetation cover and runoff rates as well as peak flows 
(Beschta et al., 2000; Jones, 2000; Huang and Zhang, 2004). Investigations on the impact 
of grazing on vegetation attributes, soil physical and hydrological processes in Ethiopia 
shows that with increasing grazing pressure, percentage of vegetation cover decreases and 
soil compaction increases, leading to lower infiltration rates and higher runoff (Tadesse et 
al., 2002). 
In the northern Ethiopian highlands in particular, deforestation, erosive rains, steep 
slopes together with overgrazing and impoverishment of farmers (Nyssen et al., 2004) 
resulted in land degradation (Nyssen et al., 2008a; Gebresamuel et al., 2009, Nyssen et al., 
2015) the severity of which is evidenced in several hydrogeomorphic features, including 
dense gully and river networks (Frankl et al., 2011; Frank et al., 2012). Conversely, 
several rehabilitation interventions introduced as of the mid-1980s (Asefa et al., 2003; 
Mengistu et al., 2005; Birhane et al., 2006, Nyssen et al., 2007) have significantly 
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improved the vegetation cover and hydrogeomorphic processes. Descheemaeker et al. 
(2006a) reported significant reduction of runoff after rehabilitation of small exclosed 
catchments. Similarly, Nyssen et al. (2010) showed a reduction of direct runoff volume 
after catchment management, and Frankl et al. (2011) found gully systems to be partially 
stabilized.  
This study analyses the variability of runoff responses in eleven steep mountain 
catchments (0.4-25 km2) of the western Rift Valley escarpment of Northern Ethiopia 
which were largely deforested until the first half of the 1980s and recently have showed 
improvement in vegetation cover (Chapter three). 
Although some researches related to impact of vegetation cover on runoff response 
have been carried out in Northern Ethiopian highlands, no detailed study was conducted 
on hydrological behavior of reforesting steep mountain catchments of the western Rift 
Valley escarpment. The focus of this study was therefore to: (1) analyze the runoff 
response of steep mountain catchments which are under way of forest restoration; (2) 
examine the relationship between estimated peak discharge event, precipitation event, 
vegetation cover and geomorphologic factors; and (3) test the usefulness of simple 
measurements of precipitation events and estimated peak discharge to analyze the 
hydrological behavior of mountain catchments. 
4.2 Materials and methods 
In this part of the thesis, the run off response of the 11 catchments was analysed using 
peak discharge events which were monitored over the last three rainy seasons (2012-2014) 
in 11 stations.The catchments are aligned in a parallel wise arrangement along the western 






Figure 4.1 Partial view of the western Rift Valley escarpment, on the edge of the Ethiopian 
highlands (at the back and at right of the photograph). The Hara catchment is in 
front, followed by the more densely vegetated Gra Kahsu catchment. 
 
4.2.1 Determinants of peak discharge (Qp) 
4.2.1.1 Monitoring precipitation distribution 
In any hydrological analysis, it is crucial to have data on the spatio-temporal distribution 
of precipitation across catchments (Pegram and Pegram, 1993; Bhavani, 2013; Volkmann 
et al., 2010), which is usually done from ground based rain gauge networks (Robinson, 
2005; Cheng et al., 2008; Villarini et al., 2008; Barbalho et al., 2011). However, the 
density of rain gauges in mountain areas is rarely high enough to catch the very high 
spatio-temporal variability of precipitation (Barancourt et al., 1992; Robinson, 2005). The 
latter is related to the occurrence of contrasted convective rains which are highly 
localized, spatio-temporally heterogeneous and strongly influenced by topography 
(Michaud and Sorooshian, 1994). Moreover, due to accessibility constraints, the elevation 
at which rain gauges are located is rarely representative of overall elevation distribution of 
mountain areas (Le Moine et al; 2013). To overcome these shortcomings, for this study, 
seven non-recording rain gauges (opening diameter = 20 cm) were installed to collect the 
amount of daily rainfall events over the last three years (2012 – 2014) (Figure 4.2). 
Measurements were made once in a day (6:00PM). The locations of the rain gauges were 
selected based on geographic spreading, topography, altitude and accessibility (Cheng et 
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al., 2008; WMO, 2008), giving a density of one rain gauge per 5.2 km2. This allows for 
accurate representations of spatial variability of rainfall (Volkmann et al., 2010). The 
station precipitation data were converted in to a daily precipitation map (Villarini et al., 
2008; Garcia et al., 2008) using the Thiessen Polygon method (Linsely et al., 1958, 
National Weather Service, 1999) and finally, total annual rainfall of the stations and area-
weighted average daily precipitation over the catchments (Pd) were calculated. Since no 
soil moisture data is available for the study area, precipitation data of the 1, 3, 7, and 15 
day(s) preceding the event were computed to explain the impact of antecedent 
precipitation and catchment wetness on peak discharge (Seeger et al., 2004; Merz and 
Bloschl, 2009; Lana-Renault et al., 2011).  
  
 
Figure 4.2 Location of precipitation and discharge monitoring stations. 
 
4.2.1.2 Land cover mapping  
Besides precipitation, land cover is an important controlling variable of the hydrological 
behaviour of catchments. Therefore, land cover mapping was carried out based on very 
66 
high-resolution Google Earth imagery (GeoEye image with 0.6 m resolution of February 
1, 2014). Application of Google Earth imagery has increasingly been used for various 
geographic studies, notably Warren et al. (2007) for visualizing and inspecting dunes in 
Chad, Constantine and Dunne (2008) for measuring channel and oxbow-lake 
characteristics of meandering rivers, Hesse (2009) for measuring dune size in Peru, 
Shroder and Weihs (2010) for mapping slope failures in Afghanistan, Jacob et al. (2015) 
for mapping and measuring tree line elevation in Ethiopia, Frankl et al. (2013) for 
mapping geographic features and making advanced analysis in Geographic Information 
Systems (GIS). Having made detail field observations, 10 land cover classes (Table 3.2) 
were selected based on the work of De Mûelenaere et al. (2014). Ground control points (n 
= 377) were collected from the field using hand held Global Navigation Satellite System 
(GNSS) for ground truthing. The land cover mapping was carried out using on screen 
digitization process of boundaries between typical combinations of color, texture and 
pattern in the Google earth image. Having prepared the land cover map, detailed field 
verifications were carried out. Finally, the percentage of each land cover class was 
computed per catchment. 
Though vegetation cover in itself is an influential factor, the eveness of its distribution 
across the catchment may also explain runoff variability. When the vegetation cover is 
evenly distributed, it has better buffering effect (Bao and Laituri, 2013). Therefore, an 
index of vegetation cover distribution (KCV) was computed to examine whether the 
vegetation cover is evenly distributed across the catchment or concentrated in certain 
places. This was done by calculating the percentages of random points (Ki) which fall 
within the polygons of vegetation cover class in each catchment from 100 randomly 
selected points (Bao and Laituri, 2013). The random points in each catchment were 
selected repeatedly (10 times) using ESRI ArcGIS (version 10.1). Based on this, the 
vegetation distribution index (KCV) was calculated as 
 
  KCV = 
x
SD
*100        (4.1) 
 
Where KCV is index of vegetation cover distribution; SD is standard deviation of Ki, 
and x  is the mean percentage of Ki which fall within the polygons of vegetation cover 
class. KCV was then classified as: 0-10% is even distribution, 10-20% is relatively even 
distribution; 20-30% is uneven distribution; >30% is very uneven distribution (Bao and 
Laituri, 2013). 
The relative distance of vegetation cover from the thalweg may also be an important 
factor for variability of discharge in steep mountains. Hence, this was computed first by 
automatically identifying the central point of each polygon representing vegetation (forest 
+grass) in each catchment using ArcGIS (Version 10.1) and measuring its shortest 
(straight) distance from the thalweg. Then, the weighted average distance of all vegetation 
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polygons was computed. Secondly, since the relative distance of the vegetation cover is 
affected by the width of the catchment, the width of the catchment was measured at three 
sample locations along the thalweg and the average width was calculated. Finally, the 
relative distance of vegetation cover from thalweg width (DV) was computed as 
 
  DV = DT / CW         (4.2)  
 
Where DV is the relative distance of vegetation cover from the thalweg 
(dimensionless), DT is area-weighted average distance of the center of vegetation 
polygons in each catchment from the thalweg (m) and CW is average catchment width 
(m). A higher value (maximum = 0.5) indicates farther location of the vegetation cover 
away from the thalweg.  
Finally, in order to examine the joint effect of vegetation cover and its relative distance 
from the thalweg (DV), a combined index was computed as 
  
  VDI = VC * DV        (4.3) 
 
Where VDI is combined index of vegetation cover and its relative distance from the 
thalweg, VC is vegetation cover (%) and DV is relative distance of vegetation cover from 
the thalweg.  
 
4.2.1.3 Lithology and soil depth analysis  
Runoff response in a given catchment may also be affected by lithological characteristics 
(Grayson and Bloschl, 2001; Herbst and Diekkrüger, 2006; Shafique et al., 2011) and soil 
depth of the catchment (Kutílek and Nielsen, 1994; Rahimy, 2012). Hence, the lithological 
map of the catchments was extracted from a 1:2,000,000 Geological map of Ethiopia (GSE, 
1996) (Chapter 1). Moreover, 163 augurings were taken to analyze the soil deph of the study 
area by MSc student, Marlies Vandenabeele. Based on this, soil depth map was prepared 
using the Inverse Distance Weighting (IDW) method and average soil depth per catchment 
was calculated. Soil depths were classified in to five classes (Boulding, 1994) as very shallow 
(< 25 cm), shallow (25-50 cm), moderately deep (50-100 cm) and deep (100-150). Depths ≥ 
100 cm were represnted by 125 cm (the mid value of the last class). Finally, the 
percentages of each lithological formation and average soil depth values in each 
catchment were correlated with catchment specific peak discharge coefficient (Cp).   
4.2.1.4 Geomorphometric analysis  
The morphometric characteristics of catchments and their streams are important factors 
affecting various aspects of runoff (Gregory and Walling, 1968; Patton and Baker, 1976; 
Pilgrim et al., 1982; Bruijnzeel, 2004; Andreassian, 2004; Bao and Laituri, 2013). These 
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factors influence mainly the concentration or time distribution of runoff from catchments 
and stream channels (Begueria et al., 2006; Ahmed et al., 2010; Malik et al., 2011). For 
every study catchment, 12 geomorphometric variables which mainly affect runoff (Bates 
and Jackson, 1980) were calculated (Table 4.1) based on ASTER-DEM with 30 m spatial 
resolution and topographic maps with a scale of 1:50,000.  
 
Table 4.1 Morphometric variables 
Geomorphometric Parameter Formula Reference Equation 
No. 
Drainage characteristics  
Stream Length (Ls, km ) Ls = Ls1+Ls2 ……Ns Strahler (1964) 4.4 
Drainage texture (Dt) Dt = Ns/Pc Horton (1945) 4.5 
Drainage Density (Dd, km km
-2
)  Dd = Ls / A Horton (1945) 4.6 
Infiltration number (If) 
(dimensionless) 
If = Dd*Df Faniran (1968) 4.7 
Length of over land flow (Lo) Lo= 1/2*Dd Horton (1945) 4.8 
Catchment Geometry  
Catchment Length (L, km) GIS analysis Schumm (1956)  
Catchment Area (A, km
2
) GIS analysis Schumm (1956)  








Gravelius (1914) 4.9 
 
Relief characteristics 
Hypsometric Integral ( Hi) Hi= (Hmean-Hmin/Hmax-Hmin) Strahler (1954) 
Schumm (1956) 
4.10 
Ruggedness Number (Rn) Rn= Hd*Dd Patton and Baker 
(1976) 
4.11 




Sc = Hd / Ld Schumm (1956) 4.12 
Time factor 




 Kirpich (1940) 4.13 
Ls: stream length, Lc: catchment length, Ls1: length of stream number 1 in a given catchment, Ls2: length of 
stream number 2 in a given catchment, Ns: the last stream in a catchment, A: catchment area, Cc: compactness 
coefficient, Pc: catchment perimeter, Dt: drainage texture, If: infiltration number, Df: drainage frequency (number 
of stream segments per unit area (Horton, 1937)), Dd: drainage density, H: elevation, Hmax: maximum elevation, 
Hmin: minimum elevation, Hd: catchment relief (the difference of elevation between the highest and lowest points 
in a catchment), Ld: length difference, Lmc: length of main channel, Smc: slope of main channel, K: a unit 
conversion coefficient (0.0195) 
4.2.2 Calculation of peak discharge 
The amount of discharge from catchments can be directly measured in different ways. In 
mountainous streams, however, direct measurement during the floods presents many 
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challenges mainly due to the flashness of the flow and its destructive character (WMO, 
1994; Lumbroso and Gaume, 2012). Hence, it is frequently impossible or impractical to 
measure the peak discharges when they occur because of conditions beyond control 
(Rantz, 1982). When such conditions occur, peak discharges are indirectly estimated after 
floods (WMO, 1994; Rantz, 1982; Lumbroso and Gaume, 2012). Most stream flow data in 
such occasions are collected using crest stage gauges which are able to measure the peak 
stages of the highest stream flow events (Waltermeyer, 2008). In the current study, peak 
stage discharges were measured in the rainy seasons of 2012, 2013 and 2014 using 11 
crest stage gauges (Figure 4.3) which were installed in the outlets of the catchments.  
The crest stage gauge used in this study consists of a 2 meter long galvanized iron pipe 
of 2 inch (5.08 cm) diameter (Figure 4.3A). The tube has several holes drilled in it which 
allow entry and exit of water as the water level rises and falls during the flood. It also 
contains a removable wood staff. The top cap (the top of the crest stage gauge) contains 
one small vent hole to allow exit and entry of air as the pipe fills with water and empties 
again. Sawdust is placed in the bowl of the lower cap (Figure 4.3B). As the flood water 
rises inside the pipe, the sawdust floats on the water surface. When the water reaches its 
peak and starts to recede, some of the sawdust adheres to the wood staff indicating the 
position reached by maximum flood water level (Figure 4.3C). The gage height of a peak 
is then obtained by measuring using a tape meter.  
 
Figure 4.3 Crest stage gauge (A), sawdust being placed in the bowl of the lower cap before 
and after measuring peak stage (B), remnants of sawdust on wood staff indicating 
the highest peak stage of the flood (C), and wood staff being cleaned for the next 
flood (D). 
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The peak stage data were collected after runoff events. Each station was visited at least 
once in a week on rotational basis whereby recorded peak stage was associated with the 
largest precipitation event in the intervening period and a total of 332 measurements were 
carried out. Based on the daily peak stage data (Figure 4.4), daily peak discharges were 
computed using the Manning’s equation which is the most commonly used hydraulic 
technique for estimating open channel flow for uncalibrated section (Jarrett, 1984; 
Bathurst, 1985; Lumbroso and Gaume, 2012; Karalis et al., 2014): 
 
      Qp = A V        (4.14) 
 
Where Qp is peak discharge (m
3s-1); A is cross sectional area of the channel section 
(m2) corresponding to the level of the peak flood; obtained by multiplying the length of 
the stream bed and sides of the channel which are in contact with the water as measured 
by tape meter and V (m s-1) is average velocity which was calculated using the Manning’s 
empirical formula: 
 
 V = (R2/3S1/2)/n        (4.15) 
 
Where R (m) is hydraulic radius (cross sectional area over wetted perimeter); S is 
average slope gradient of the channel (m m-1); an average slope gradient of the stream bed 
measured using clinometer; and n is Manning’s roughness coefficient.  
 
 
Figure 4.4 Intensive rainfall event of 21.1 mm (occurred in a very short period) in Wera 
catchment (23/8/2013) produced a strong flash flood of 128 m3 s-1 at the 
monitoring station. Crest stage gauge appears in the middle of the opposite bank. 
 
 71 
The accuracy of peak discharge estimation is strongly related to accurate estimation of 
Manning’s n values, which is mostly done from qualitative field observations. Some 
methodologies to determine n-values are found in Chow (1959), Cowan (1956), 
Henderson (1966) and Streeter (1971). Besides field assessments of n, Barnes (1967) used 
photographs to visually evaluate n. In the current research, the n-values were determined 
using an expert evaluation method (Appendix 4.2) for which eight experts (six of them 
visited some of the monitoring stations at least once during the study period) assessed the 
n-value using at least three photographs taken at different times and from different 
directions. Check lists of the factors that affect the value of the roughness coefficients 
were adapted from Chow’s (1959) and Cowan’s (1956) methods. The Cowan’s (1956) 
method takes relatively detailed factors in to consideration to calculate the Manning’s 
roughness coefficient:  
 
  N = (n0+n1+n2+n3+n4) m       (4.16) 
 
Where n0 is materials involved, n1 is degree of irregularity, n2 is variation in channel 
cross section, n3 effect of obstruction, n4 is effect of vegetation and m is degree of 
meandering. 
The precipitation and peak discharge events were not the same across the catchments. 
Hence, in order to compare the catchments in terms of runoff response, the peak discharge 
values were normalized to catchment area (Blume et al., 2007) and rainfall Taylor (1967) 
using the modified rational method of estimating peak discharges (viessman et al., 1989; 
Hotchkiss and McCallum, 1995): 
 
  Cp = Qp / (A*Pd )       (4.17) 
 
Where Cp is catchment-specific peak discharge coefficient, Qp is average daily peak 
discharge (m3 s-1), A is catchment area (km2) and Pd is average rainfall event (mm) 
4.3 Results 
4.3.1 Major controlling factors of peak discharge 
4.3.1.1 Variability in precipitation distribution  
Over the last three years (2012-2014), the annual rainfall recorded in the seven rain 
gauges showed high disparities among the stations (Table 4.2). Between July 1, 2012 and 
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June 2013, the precipitation varied between 1484 mm in Wemberet station to 933 mm in 
Delesa station while between July 1, 2013 and June 30, 2014, it varied from 1970 mm in 
Kelesa station to 1201 mm in Hawla station. Similarly, great differences were observed 
among the catchments in terms of the amount of precipitation recorded in the three rainy 
months (July to September) over the last three years. In 2012, the highest precipitation 
(609 mm) was recorded in Woberet station while the lowest (299 mm) in Delesa station. 
In 2013, relatively higher precipitation was recorded than in the rainy months of 2012 
where the highest (801 mm) was recorded in Wemberet while the lowest (443 mm) in 
Hawla station respectively. In 2014, Hawla (620 mm) and Hara (414 mm) were the 
stations which received the highest and lowest precipitations respectively. Overall, no 
significant altitudinal and temporal precipitation differences were observed among the 
catchments over the last three years. However, more precipitation was recorded in 2013 
than in 2012 and 2014 (Table 4.3).  
 






Annual precipitation (mm) Precipitation of the rainy months 
(July to September) (mm) 
July1, 2012 to 
June 30, 2013 
July1, 2013 to 
June 30, 2014 
2012 2013 2014 
Wemberet 2851 1483.53 1902.55 609.12 800.80 593.15 
Kelesa 2400 1458.34 1969.65 524.30 750.70 501.78 
Delesa 2461 933.15 1589.75 298.95 513.04 432.72 
Tslia 2376 971.84 1353.34 414.39 515.05 583.92 
Hara 1623 1106.46 1333.18 469.93 456.21 475.00 
Alamata 1626 1320.58 1257.17 467.21 462.58 414.81 
Hawla 2580 1318.71 1200.65 480.92 442.56 620.41 
 
High variability was also noted in area weighted average precipitation event Pd (mean = 
18.3, standard deviation (sd) = 1.8, n = 11) for those days when flood events occurred 
(Table 4.3). The highest Pd was registered in Hawla upper catchment (20.8 mm) while the 











Wera 19.01 8.04 
Mistay Aha 16.88 10.03 
Hara 15.31 7.31 
G. Kahsu upper 16.88 7.98 
G.Kahsu lower 15.54 7.36 
Hawla upper 20.79 9.37 
Hawla lower 18.81 9.72 
Jeneto upper 19.78 11.78 
Jeneto lower 19.49 11.77 
Maliko 19.50 11.85 
Bora 19.50 10.62 
*
Average event rainfall weighted by Thiessen polygon method 
 
In order to show the spatial distribution of rainfall in the catchments, the average 
annual rainfall recorded in each rain gauge over the last three years was mapped using the 
Inverse Distance Weighting (IDW) method (Figure 4.5). The result shows that, though, no 
statistically significant difference in average precipitation was observed with altitudinal 
difference, the Wemberet area, which is the highest in terms of elevation received highest 
rainfall followed by Kelesa while Hara and Alamata continuously received relatively 
lower rainfall. High variability in rainfall distribution was observed in the places which 
are found between the highset and lowest elevations. 
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Figure 4.5 Spatial distribution of rainfall in the study area (2012-2014) 
 
As stated in chapter one, 64% of the rainfall of the study area comes in summer. 
However, some of the rains that come in the remaining part of the year could have more 
peak rainfall events. Hence, comparisons were made between the highest rainfall peaks of 
the rainy and dry seasons for each catchment (Table 4.4). The result indicates that, in 
some of the catchmnets, there were some higher rainfall peak events in the dry season. 
Specifically, the stations at lower elevation; Hara (1623 m.a.s.l.) and Alamata (1626 
m.a.s.l) received higher rainfall peaks in winter (Table 4.4). 
Since the average rainfall in the study area has no significant difference with the 
rainfall in Korem (p < 0.05), comparisons of the peak rainfall events of the rainy and dry 
seasons of Korem for 16 years (1994-2011) with full daily rainfall data was carried out. 
Like the situation in the study area, some rainfall events in dry season were higher than 
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 18/July 49.36  29/October 9.87 
2013 4/August 44.59  14/April 46.97 
2014 31/July 44.59  9/May 42.99 
Kelesa 2012
a
 9/August 39.39  30/October 89.17 
2013 5/August 77.23  2/February 69.27 
2014 6/August 41.40  9/May 44.59 
Delesa 2012
a
 4/July 18.31  6/December 21.50 
2013 23/July 63.69  27/April 47.77 
2014 17/September 58.12  14/March 91.94 
Tslia 2012
a
 8/August 38.22  1/October 3.18 
2013 5/August 50.96  15/April 19.11 
2014 9/September 38.22  20/May 41.40 
Hara 2012
a
 24/July 55.73  31/October 8.76 
2013 4/August 42.99  11/January 47.77 
2014 16/September 57.32  28/March 60.51 
Alamata 2012
a
 24/July 38.22  12/December 65.29 
2013 21/August 63.69  27/April 69.27 
2014 18/August 37.42  14/March 85.19 
Hawla 2012
a
 9/August 45.78  29/October 33.44 
2013 31/July 40.21  11/January 65.29 




Figure 4.6 Rainy versus dry season maximum rainfall events in Korem 
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Moreover, to analyze the recurrency (time of return) of the annul maximum rainfall 
events over the long term series and to see to what extent the maximum rainfall events of 
the study area are representative in the long term, the recurrence period of the maximum 
rainfall events of 16 year (1994-2011) in Korem were calculated and plotted (Figure 4.7). 
Positive logarithmic relationship was observed between time of return and maximum 
rainfall events over the last 17 years in Korem (Figure 4.7). The curve indicates that the 
relatively lower depth rainfall events occur more frequently (in shorter times) than the 
rainfall events with highest rainfall depths. Based on this, the times of return for the three 
years (2012-2014) maximum rainfall events of Kelesa (the closest station to Korem) were 
calculated. Hence, it could be understood that the maximum rainfall events observed in 




Figure 4.7 Return period of the maximum rainfall events in Korem and Kelesa (1994-2014). 
Rainfall of 1997 was excluded due to some missing data.  
 
4.3.1.2 Distribution of vegetation cover 
Land cover classes mapped for 2014 (Table 4.5 taken from Figure 3.5) comprise 
dominantly; bushland (38.2%), cropland (28.2%), open forest (12.8%), dense forest 
(6.9%) and shrubland (5.8%). Smaller areas are covered by traditional village (3.2%), 
forest (2.4%), grassland (1.3%), bareland (1.2%) and wetland (0.1%). Overall, 66% of the 
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total area is occupied by woody vegetation cover (dense forest, forest, open forest, bush 
land and shrub land). In most of the catchments, there is good coverage of woody 
vegetation cover which ranges from 17.3% to 100%. Cropland is the next dominant land 
cover which constitutes 28% of the total area. Gira Kahsu lower (58%) and Gira Kahsu 
upper (51%) are the catchments with highest vegetation cover while Hawla upper (4%) 
and Jeneto lower (8%) have the lowest vegetation cover. 
 
Table 4.5 Percentage of land cover classes per catchment (2014) 
BG =Bareground, WL = wetland, TV = traditional village, CL= cropland, GL = grassland, SL = shrubland, BSL = bushland, 
OF = open forest, F = Forest, DF = denseforest, WV = woody vegetation, TF = total forest, V = vegetation 
a 
Woody vegetation cover represents percentage of dense forest, forest, open forest, bush land and shrub land; b 
total forest represents forest, open forest and dense forest; 
c 
vegetation represents forest and grass land cover 
 
 
High variation was observed among the catchments (Table 4.6) in terms of evenness of 
vegetation cover distribution (KCV) across the catchments, relative distance of vegetation 
cover from the thalweg (DV) and combined index of vegetation cover and its distance 
from the thalweg (VDI). Gira Kahsu lower is the only catchment with even distribution of 
vegetation cover. Hawla upper (51.4%), Bora (26.93%) and Jeneto lower (26.9%), were 







Wera 7.1 0.8 7.8 50.1 5.3 2.8 3.0 12.2 5.3 5.5 28.8 23.1 28.4 
Mistay Aha 2.2 0.0 12.1 41.0 1.3 2.3 12.8 8.1 3.1 17.1 43.4 28.3 29.6 
Hara 4.1 0.4 6.5 38.0 2.9 3.2 22.4 8.6 5.9 8.0 48.1 22.5 25.4 
Gira Kahsu upper 0.0 0.0 3.8 38.1 0.0 0.9 6.3 26.2 3.1 21.7 58.1 51.0 51.0 
Gira Kahsu lower 0.0 0.0 1.4 13.7 0.2 0.5 26.8 30.8 3.0 23.5 84.7 57.3 57.5 
Hawla  upper 0.0 0.0 1.2 77.6 3.9 0.0 17.2 0.0 0.0 0.0 17.3 0.0 3.9 
Hawla lower 0.0 0.0 0.6 33.0 1.0 0.6 50.3 14.6 0.0 0.0 65.5 14.6 15.5 
Jeneto upper 0.0 0.0 0.0 0.0 0.0 14.1 77.1 8.9 0.0 0.0 100 8.9 8.9 
Jeneto lower 0.0 0.0 0.0 0.0 0.0 29.6 62.0 8.4 0.0 0.0 100 8.4 8.4 
Maliko 0.0 0.0 1.2 14.7 0.0 8.2 60.0 10.9 5.1 0.0 84.2 16.0 16.0 
Bora 0.0 0.0 0.2 3.4 0.0 1.7 82.0 11.6 1.0 0.0 96.3 12.7 12.7 
Average 1.2 0.1 3.2 28.2 1.3 5.8 38.2 12.8 2.4 6.9 66.0 22.1 23.4 
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the catchments with the most aggregated (uneven) vegetation distribution indexes 
respectively. Similarly, contrasting DV values are observed ranging from 0.12 (Maliko 
and Jeneto upper catchments where the vegetation is relatively close to the thalweg) to 
0.33 (Gira Kahsu upper catchment). 
 
Table 4.6 Evenness of vegetation cover distribution across the catchments (KCV), relative 
distance of vegetation cover from the thalweg (DV) and combined index of 







 DV VDI 




  DV 
Wera 4.7 30.8 15.2 Relatively even distribution 435 2836 0.15 4.26 
Mistay Aha 4.0 29.0 13.9 Relatively even distribution 566 1840 0.31 9.18 
Hara 3.5 25.7 13.5 Relatively even distribution 380 2603 0.15 3.81 
Gira Kahsu 
upper  
4.4 47.9 10.1 Relatively even distribution 296 944 0.31 15.81 
Gira Kahsu 
lower 
5.2 57.2 9.0 Even distribution 338 996 0.34 19.55 
Hawla Upper  2.4 4.6 51.4 Very uneven distribution 86 760 0.11 0.43 
Hawla lower 3.1 13.5 23.2 Uneven distribution 308 1106 0.28 4.34 
Jeneto upper   2.0 8.3 24.1 Uneven distribution 92 798 0.12 1.07 
Jeneto lower 2.1 7.8 26.9 Uneven distribution 132 847 0.16 1.34 
Maliko 2.9 16.2 17.7 Relatively even distribution 51 370 0.14 2.24 
Bora 3.8 14.2 26.9 Uneven distribution 81 892 0.09 1.14 
*
Classification: 0-10% = even distribution, 10-20% = relatively even distribution; 20-30% = uneven distribution; 
>30% =very uneven distribution 
a
Random points which fall with in polygons of vegetation cover, 
b
average distance of vegetation from thalweg 
(m), 
c
average catchment width. 
 
4.3.1.3 Lithology and soil depth  
As explained in chapter one, the lithology of the study area is composed of three Cenozoic 
volcanic rocks: the Hashenge formation, the Alaje formation and the Aiba basalts. The 
proportion of each of these lithologic formations and average soil depth of the catchments 





Table 4.7 Proportaion of lithologic properties and soil depth of the study area 
 
Catchment 
Lithology (%) Average soil 
depth (cm) 
P3a PNa P2a  
Wera 32 68 0 88.9 
Mistay Aha 79 0 21 89.1 
Hara 40 35 25 79.0 
G. Kahsu upper 31 69 0 97.3 
G.Kahsu lower 47 22 31 85.7 
Hawla upper 66 34 0 86.9 
Hawla lower 37 0 55 79.3 
Jeneto upper 0 0 100 80.9 
Jeneto lower 0 0 100 81.0 
Maliko 0 0 100 32.1 
Bora 0 0 100 24.5 
  
 
Figure 4.8 Soil depth map 
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4.3.1.4 Morphometric variables 
Twelve morphometric variables were calculated using the equations listed in Table 4.1. 
The result shows high variability in drainage, geometric and relief characteristics of the 
catchments (Table 4.8). 
 





















Wera 29.0 10.3 12.5 1.5 1.6 2.3 5.5 0.22 0.51 1.9 0.28 60.63 
Mistay Aha 10.8 3.3 3.8 1.2 1.5 2.9 9.1 0.18 0.40 1.0 0.27 23.17 
Hara 76.0 15.5 24.5 1.6 3.2 3.1 11.4 0.16 0.57 4.8 0.34 71.30 
G.K Upper 6.5 2.4 1.9 1.2 1.5 3.5 16.7 0.14 0.58 3.4 0.52 14.11 
GK Lower 24.4 6.5 5.9 1.6 2.3 4.1 22.5 0.12 0.41 5.7 0.51 31.21 
Hawla upper 2.9 1.7 0.8 1.2 1.0 3.5 16.7 0.14 0.53 2.2 0.54 7.87 
Hawla lower 11.0 5.1 3.4 1.5 0.9 3.3 8.7 0.15 0.39 3.5 0.57 24.71 
Jeneto upper 1.9 1.4 0.6 1.1 0.6 3.1 10.1 0.16 0.44 1.4 0.58 8.01 
Jeneto lower 3.7 1.8 1.0 1.1 1.5 3.7 22.1 0.14 0.39 1.8 0.50 10.02 
Maliko 1.3 1.1 0.4 1.2 1.1 3.5 29.1 0.14 0.56 1.9 0.65 4.19 
Bora 8.0 2.9 1.8 1.3 1.8 4.5 28.2 0.11 0.43 3.9 0.51 12.88 
Average 16.0 4.7 5.2 1.3 1.6 3.4 16.4 0.15 0.47 2.9 0.48 24.37 
Ls: stream length, Lc: catchment length, A: catchment area, Cc: compactness coefficient, Dt: drainage texture, Dd: drainage 
density, If: infiltration number, Lo: length of over land flow, Hi: hypsometric integral, Rn: ruggedness number, Sc: catchment 
slope, Tc: time of concentration. 
4.3.2 Variability in peak discharge (Qp) 
To calculate the event-based peak discharges, the Manning’s roughness coefficient was 
first calculated using experts’ evaluation method. Both the mean and median values of the 
results were calculated using Cowan’s (1956) and Chow’s (1959) methods. To avoid the 
impact of outliers, instead of using the mean values, the median values of the coefficients 
were selected and compared for both methods (Table 4.9). However, as compared to the 
narrow range of coefficients obtained by the Chow’s (1959) method, the Cowan’s (1956) 
 81 
method was more relevant for this research since it accounts different types of irregularity 
in the channels which were clearly noticed in the field.  
 
Table 4.9 Experts’ evaluation (n = 8) result of Manning’s roughness coefficient 
Station 






Wera 0.098 0.061 0.050 0.004 
Mistay Aha 0.070 0.038 0.040 0.002 
Hara 0.085 0.039 0.050 0.004 
Gira Kahsu upper 0.092 0.095 0.048 0.005 
Gira Kahsu lower 0.061 0.036 0.040 0.004 
Hawla upper 0.046 0.030 0.045 0.013 
Hawla lower 0.116 0.036 0.050 0.019 
Jeneto upper 0.097 0.047 0.040 0.004 
Jeneto lower 0.057 0.036 0.038 0.004 
Maliko 0.075 0.037 0.050 0.010 
Bora 0.047 0.053 0.035 0.004 
* 
Based on rating of criteria on detailed photographs of river cross sections by Tesfaalem Ghebreyohannes, Jan 
Nyssen, Amaury Frankl, Biadgilgn Demissie, Miro Jacob, Sil Lanckriet, Henok Kassa and Etefa Guyassa 
(Department of Geography, Ghent University, Belgium) 
 
Since the Cowan’s (1956) method considers relatively detail criteria, contrasting 
median values are noted ranging from 0.046 to 0.116 (Table 4.9). For example, despite 
their contrasting cross sections (Figure 4.9), the same n-value (0.050) was calculated for 
Wera and Hara stations using the Chow’s (1959) method. However, the Cowan’s (1956) 
method considered the differences in irregularities between the two cross sections and 
hence different n- values 0.098 (Wera) and 0.085 (Hara) were calculated for these stations. 
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Figure 4.9 Contrasting stream cross sections: Wera (A) (Manning’s n = 0.098) and Hara (B) 
stations (Manning’s n = 0.085). 
 
Great differences were also observed in Qp (mean = 24.46, sd = 24, n = 11) ranging 
from 5.24 to 77.74 m3s-1 and in catchment-specific peak discharge coefficient (Cp) among 
the catchments (mean = 0.48, sd = 0.29, n = 11). Maliko, Bora and Hawla upper stations 
showed highest Cp. Conversely, Gira Kahsu lower and Gira Kahsu upper catchments 
showed the lowest Cp (Table 4.10). Overall, the standard deviation on Cp is low 
confirming the representativeness of the parameter.  
 
Table 4.10 Average event peak discharge (Qp) and catchment-specific peak discharge 

















mean sd mean sd 
Wera 62.74 29.28 0.29 0.18 
Mistay Aha 16.33 9.15 0.26 0.07 
Hara 77.74 42.89 0.20 0.08 
Gira Kahsu upper 5.24 2.80 0.16 0.04 
Gira Kahsu lower 11.14 7.84 0.11 0.05 
Hawla upper  12.52 5.70 0.74 0.08 
Hawla lower 28.07 17.60 0.44 0.17 
Jeneto upper 8.52 5.70 0.72 0.29 
Jeneto lower 15.61 13.07 0.72 0.27 
Maliko 5.63 3.00 0.87 0.34 
Bora 25.48 11.20 0.79 0.28 
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4.3.3 Relationships between peak discharge and physiographic 
factors 
4.3.3.1 Precipitation event (Pd) and its relation with peak discharge (Qp) 
Correlation analysis (Figure 4.10) between precipitation event and peak discharge evnt 
showed significant and generally strong positive linear relationship in all the catchments, 
implying that event rainfall is a strong explanatory variable of peak discharges.  
In relation to antecedent precipitation, generally, Qp was not statistically related to 
precipitation of the 1, 3, 7 and 15 day (s) preceding the event except in Hara (R2 = 0.10, p 
< 0.05) and Gira Kahsu upper (R2 = 0.14, p < 0.05) catchments where Qp was positively 
related to precipitation of 1 day preceing the event while in Mistay Aha catchment, it was 
positively related WITH precipitation of 3 days preceding the event (R2 = 0.12, p < 0.05).   
 
Figure 4.10  Linear relation between precipitation events (Pd) and peak discharge (Qp) for the 
different study catchments (intercept was set to zero for X and Y). 
4.3.3.2 Runoff response in relation to vegetation cover, lithology, soil depth 
and geomorphology  
Since the catchments vary in size and thereby in the amount of rainfall they received, the 
catchment-specific peak discharge coefficient (Cp) neutralizes the effect of these variables 
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and hence, appropriately compares catchments in terms of their runoff responses. Thus, in 
this study, focus is given to catchment-specific peak discharge coefficient (Cp) than to 
peak discharge (Qp). 
Vegetation cover is one of the most important variables that strongly influence runoff 
response of the catchments. The percentage of forest cover (dense forest + forest+ open 
forest) and Cp showed negative exponential relation (R
2 = 0.80, P < 0.01) (Figure 4.11A). 
When grass was added to the percent of forest cover (Figure 4.11B), the relation becomes 
stronger (R2 = 0.85, p < 0.01) implying that grass also has great potential to reduce peak 
discharge rate (Fiener and Auerswald, 2005). Here after, “vegetation” will be used to 
represent percentage of total forest (dense forest + forest + open forest) and grass cover. 
Generally, from the correlation analysis, it can be noted that vegetation cover has a strong 
buffering role on discharge. 
  
 
Figure 4.11  Negative exponential relationship between (A) percentages of total forest and (B) 
vegetation cover, with catchment-specific discharge coefficient (Cp). 
 
Catchment-specific peak discharge (Cp) was also positively related (R
2= 0.45, P<0.05) 
to index of vegetation distribution (KCV) (Figure 4.12A) implying that when the vegetation 
cover of a given catchment is not evenly distributed across the catchment, its buffering 
effect becomes less and hence peak discharge becomes more. Particularly, Girua Kahsu 
lower and Gira Kahsu upper catchments have relatively even distribution of vegetation 
cover across their catchments and hence, showed lower Cp. On the other hand, Cp was 
negatively related to DV (R2 = 0.55, P < 0.01) (Figure 4.12B) and VDI (R2 = 0.76, P < 
0.01) (Figure 4.12C). Therefore, not only the percentage of vegetation cover, but also its 
distribution and location in the catchment play a great role in determining catchment-




Figure 4.12  Relationship between index of vegetation distribution (KCV) (A), relative distance 
of vegetation cover from thalweg (DV) (B), combined index of vegetation cover 
and its relative distance from the thalweg (VDI) (C) , catchment slope (D), 
catchment length (E) and time of concentration  (Tc) with the catchment-specific 
peak discharge coefficient (Cp). 
 
Out of the 12 morphometric variables calculated, only three variables; average 
catchment slope gradient (R2 = 0.37, P < 0.05), catchment length (R2 = 0.37, P<0.05) and 
calculated time of concentration (R2 = 0.43, P < 0.05) were significantly related to Cp 
(Figure 4.12). Time of concentration (Tc) is used as a proxy of the time for runoff to flow 
from the catchment divide to the outlet. Hydro-geomorphologists calculate Tc from slope 
and length of the main channel; variables which determine the velocity of the runoff to 
produce peak discharge (Kirpich, 1940). Out of the three types of Cenozoic volcanic rock 
formatuions which constitute the lithology of the area, only the Hashenge formation (P2a) was 
positively related to Cp (R
2
 =0.52, P < 0.05). Moreover, soil depth was negatively related to 
Cp (R
2
 =0.42, P < 0.05).  
A stepwise multiple regression analysis was carried out in order to inspect the effect of 
the physiographc factors on Cp. catchment area (A), catchment slope gradient (Sc), stream 
length (Ls), drainage density (Dd), hypsometric integral Hi), catchment length (Lc), 
ruggedness number (Rn), length of overland flow (Lo), time of concentration (Tc), drainage 
texture (Dt), infiltration number (If), compactness coefficient (Cc), percentage of 
vegetation cover, index of vegetation cover distribution (KCV), relative distance of 
vegetation cover from thalweg to catchment width (DV), combined index of vegetation 
cover and its distance from the thalweg (VDI), the three lithologic formations of the study 
area; P3a, PNa, and P2a as well as soil depth data were taken as explanatory variables of 
catchment-specific peak discharge coefficient (Cp). Since vegetation cover is 
exponentially related to catchment-specific peak discharge coefficient (Figure 4.11B), its 
original values collected from the field were converted to exponential values using the 
regression model (Figure 4.11B) and the new values were used in the regression analysis.  
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Overall, only two out of the seventeen explanatory variables; vegetation cover and 
infiltration number (If) were significantly related to Cp. The model was statistically 
significant, F (2, 8) = 354.5, P<0.01, and accounted for 99% of the variability in Cp. Based 
on the regression result, the following regressive model is developed to predict Cp.  
  
  𝐶𝑝 =  0.7𝑒
−0.014𝑣𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 + 0.01𝐼𝑓      R
2 = 0.99         (4.18) 
 
The regression result (equation 4.18) indicates that, catchment-specific coefficient (Cp) i.e, 
the extent to which catchments allow runoff to concentrate rapidly at the outlet is strongly 
determined by vegetation cover and infiltration number. 
4.4 Discussion  
4.4.1 Response of peak discharge on precipitation 
The precipitation-peak discharge event relationship analysis in this study reveals high 
variability in peak discharge response among the 11 catchments. Similar to many other 
researches (Garcıa-Ruiz et al., 2005; Garcıa-Ruiz et al., 2008), positive linear relation was 
noticed between precipitation and peak discharge events in all the catchments where daily 
precipitation explains 32-94% of the variability in daily peak discharges. Especially, 
strong relationship between average precipitation and peak discharge was was observed in 
the catchments with less vegetation cover, notably Hawla upper, Jeneto lower and Jeneto 
upper catchments. Though Gira Kahsu upper catchment has relatively good vegetation 
cover, it showed strong relationship between average precipitation event and peak 
discharge. This could be due to its steep slope (0.52 m m-1) and the availability of cropland 
(38%) and traditional village (4%) in the upper part of the catchment. 
Generally, antecedent precipitation (data surrogate of soil moisture) did not 
significantly affect peak discharge which could be due to the sloping nature of the 
catchments. The exception was that in Hara and Gira Kahsu upper catchments where peak 
discharge was positively related to precipitation of 1 day preceding the event and to 3 
preceding the event in Mistay Aha station. This could be attributed to their large coverage 
of croplands in the upper part of the catchments (38% in Hara, 41% in Mistay Aha and 
38% in Gira Kahsu upper). Gira Kahsu upper (97 cm) and Mistay Aha (89 cm) catchments 
have also the highest soils depths.Moreover, Mistay Aha (0.27 m m-1) and Hara (0.34 m 
m-1) are among the catchments with lowest average slope gradient. Likewise, high 
variability in catchment-specific peak discharge coefficients (Cp) were observed ranging 
from the lowest (0.11) in Gira Kahsu lower to the highest in Maliko station (0.87). In 
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relation to this, Zenebe et al. (2013) reported a direct correlation between rainfall depth 
and cumulative annual runoff depths in semi-arid tropical mountains of northern Ethiopia. 
Other researches in mountainous areas; Merz and Bloschl (2009) in Austria and Lopez-
Tarazon et al. (2010) in the Ebro basin of Spain also reported positive relations between 
runoff response and precipitation. Overall, the strong positive linear relation between 
rainfall and peak discharge events indicates the strong sensitivity of steep mountain 
catchments to event precipitation (Coulthard and Macklin, 2001).  
Daily rainfall regime in Northern Ethiopia is typically characterized by short and 
intensive rainfall events (Nyssen et al., 2005). This situation explains the strong linear 
relationship between event rainfall and event peak discharge observed in the study area. 
The intensive volume of precipitation together with the steep slopes and relatively low 
soil infiltration capacity are the main causes for flow generation process. Hence, in the 
study area, the ‘infiltration excess overland flow’ seems to be the main flood generation 
process than the ‘saturation excess overland flow’ (Horton, 1937).  
Moreover, our findings demonstrate the significance of measurements of precipitation 
events and peak discharge on analyzing the hydrological behavior of steep mountain 
catchments especially in environments with few or no data like the catchments in the 
present study (Blume et al 2007). Since it is simple and inexpensive method (Blume et al., 
2007), the indirect estimation of post peak discharges in ungagged steep mountain 
catchments using daily measurements of precipitation events and their associated peak 
discharges has been applied for various hydrological analysis (Gaume, 2006; Blume et al., 
2007; Ruiz-Villanueva et al., 2013). Koutroulis and Tsanis (2010) estimated peak 
discharge as a function of rainfall and post flash flood measurements of the maximum 
water level observed at control cross-section for two days’ flash floods (13 and 14 
January, 1994) in the Giofiros basin on the island of Crete, Greece and reported that the 
calculated peak discharge was in close agreement with the results from a number of 
consolidated methods. Ruiz-Villanueva et al. (2013) on the other hand used daily rainfall 
and discharge in combination with archival records and dendrogeomorphic time series 
data for reconstructing and compiling information on 41 flash flood events in Central 
Spain since the end of the 19th century and found similar results.  
Especially, such simple daily measurements become more helpful in understanding 
hydrological behavior of mountain catchments when (i) measurement networks 
(precipitation and discharge) fairly represent the catchments under investigation, (ii) 
Experts who have knowledge of the study area are involved in estimating the Manning’s 
roughness coefficient, and (iii) relatively large dataset of flood events is obtained through 
continous monitoring.  
88 
4.4.2 The effect of vegetation cover on peak discharge in mountain 
catchments  
In line to many studies carried out in the region (Descheemaeker et al., 2006a; 
Descheemaeker et al., 2006b; Descheemaeker et al.2008; Nyssen et al., 2009; Nyssen et 
al., 2010; Frankl et al., 2012; Nyssen et al., 2015) and in many other parts of the world 
(Burch et al., 1987; Bruijnzeel., 2004; Andreassian, 2004; Sun et al., 2005; Garcıa-Ruiz et 
al., 2008; Norbiato et al., 2009; Lana-Renault et al., 2011), negative exponential 
relationship was observed beween catchment-specific peak discharge coefficient (Cp) and 
percentage of forest cover ( R2 = 0.80) as well as percentage of vegetation cover (R2 = 
0.85) (Figure 4.11A and B ). This negative exponential relation indicates that when 
vegetation cover is less (zero or close to zero percent); the runoff response of the 
catchments is high. However, when the vegetation cover increases, Cp starts to sharply 
decrease but the rate of reduction gradually becomes steady as the vegetation cover can 
not totally stop runoff (Figure 4.11A and B).This is also consistent with other research 
findings in many mountainous areas. A study of the influences of forest management on 
peak flows using long-term peak flow records in the western Cascades of Oregon, USA 
(Beschta et al., 2000; Jones, 2000) showed reduction in peak flow responses to forest 
increase. A comparative study between forested and deforested catchments in the central 
Spanish Pyrenees of the Mediterranean mountain area in turn showed smaller peak flows 
in the forested catchments than in the deforested catchments (Serrano-Muela et al., 2008). 
Land reclamation in the second half of the 19th century also resulted in reforestation and 
subsequent reduction in flooding in the French Southern Alps (Descroix and Gautier, 
2002).  
Compared to other catchments, the Gira Kahsu lower (0.11) and Gira Kahsu upper 
catchments (0.16) showed the least catchment-specific peak discharge coefficients (Cp). 
This is mainly attributed to their high vegetation cover (Figure 4.13) which comprises 
58% (Gira Kahsu lower) and 51% (Gira Kahsu Upper) of the total area. Such a relatively 
high percent of vegetation cover is accredited to the successful intensive rehabilitation 
activities and establishment of exclosures in most parts of these catchments mainly with 
the aim of protecting Alamata town from devastative flooding prevailed due to severe 
deforestation of the catchments in the first half of 1980s (chapter one). On the contrary, 
Maliko (0.87), Bora (0.79), Hawla upper (0.74) and Jeneto upper stations showed high 
catchment-specific peak discharge owing to their lower vegetation cover.Moreover, the 
role of vegetation cover in buffering runoff and thereby in minimizing peak discharge (Qp) 
generation is clearly demonstrated by the differences in peak discharge generation in 
response to precipitation amount. Catchments with relatively better vegetation cover 
generated lesser peak discharge than the catchments with lesser vegetation cover for the 
same precipitation depth (Figure 4.10). For example, Gira Kahsu lower (area = 5.89 km2, 
slope = 0.50 m m-1) and Hawla lower (area = 3.38 km 2), slope = 0.50 m m-1) catchments 
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have more or less similar slope gradients. However, due to their vegetation differences, a 
10 mm precipitation event produced 8 m3 s-1 peak discharge in Gira Kahsu lower while 15 
m3 s-1 in Hawla lower catchment. This is due to the fact that, when mountain catchments 
are deforested, they are more sensitive to rainfall variability (Coulthard et al., 2000).   
 
 
Figure 4.13  Partial view of Gira Kahsu lower catchment with good vegetation cover due to 
establishment of exclosures and intensive reforestation interventions 
 
Similar to the findings by Bao and Laituri (2013), index of vegetation cover (KCv) 
showed direct relation with catchment-specific peak discharge coefficient (Cp), 
responsible for 43% of the variation of Cp. This implies that when the vegetation cover is 
concentrated in limited places of the catchments (higher KCV), its buffering effect becomes 
less and hence, peak discharge increases and vice versa. Similarly, the negative relation 
between catchment-specific peak discharge coefficient (Cp) and relative distance of 
vegetation cover from the thalweg (DV) (R2 = 0.55, P<0.01) as well as the combined 
index of vegetation cover and its relative distance from the thalweg (R2 = 0.76, P< 0.01) 
can be explained by the fact that, most of the forests are found in the sloping parts of the 
catchments (Figure 4.14) which are not suitable for farming and settlement. Naturally, 
these vegetated sloping areas are far from the thalweg as proved in the field and by the 
positive relation between percentage of vegetation cover and relative distance of 
vegetation cover from the thalweg. Thus, incontrast to the level areas where vegetation 
near rivers is important parameter for reducing runoff, in mountainous catchments, the 
farther location of the vegetation cover at the sloping parts of the catchments reduces 
velocity and volume of runoff far before reaching quickly at the thalweg. Therefore, in 
steep mountain catchments, if the steeper slopes are relatively more forested, Cp is 
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strongly reduced not only by the percentage of vegetation cover, but also by its 
distribution across the catchments and its relative distance from the thalweg. In relation to 
this, considering the role of vegetation cover in buffering runoff, Nyssen et al. (2008b) 
and Descheemaker et al. (2006a) have stated that for effective runoff control, the 
establishment of exclosures and reforestation interventions should be carried out along the 
sloping areas than in a ridge position.  
 
 
Figure 4.14  Higher vegetation cover in sloping mountains far from the thalweg (Wera and 
Gira Kahsu upper catchments). 
 
All in all, though the significant role of vegetation cover on buffering runoff is clearly 
observed in the study area, in some catchments such as Hawla upper, Jeneto upper and 
Jeneto lower, the rehabilitation of the vegetation cover needs some more years in order to 
fully cover the catchments and effectively buffer strong floods. 
4.4.3 Effect of lithology and soil depth on catchment specific peak 
discharge 
Lithologic characteristics of a given catchment influences runoff runoff response. In 
this study, out of the three lithologic formations, only the Hashenge formation value was 
positively related to catchment sepcificpeak discharge (Cp) generation. This could be due 
to the presence of deeply weathered alkalines available in theis formation (Figure 1.2). On 
the contrary, in line to the findings by Kutílek and Nielsen (1994) and Rahimy (2012), 
average soil depth was negatively related with catchment specific peak discharge 
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coefficient (Cp). This is because, since depth controls the infiltration capacity of the soils 
and thereby the rate of runoff generation (Kutileket al. 1994).  
 
4.4.4 The effect of geomorphometric factors on peak discharge 
As reported by different researchers (Bruijnzeel, 2004; Andreassian, 2004; Bao and 
Laituri, 2013), morphometric characteristics of catchments strongly influence the runoff 
behavior of catchments. In this study, catchment slope gradient, catchment length and 
time of concentration were found to direct linear relationship with the variability of 
catchment-specific peak discharge coefficient (Cp). Specifically, catchment slope gradient 
is of great importance in hydrology and geomorphology because it is the means by which 
gravity induces runoff. It directly affects the velocity of surface flow and leads to low 
infiltration rates (Bao and Laituri, 2013). Hence, 37% of the variability in catchment-
specific peak discharge coefficient (Cp) was accounted to average catchment slope 
gradient. Conversely, the negative relation between catchment length and catchment-
specific peak discharge coefficient Cp could be attributed to the fact that when the basin 
becomes more elongated, the runoff takes more time to reach the outlet and hence lesser 
peak discharges (Benson, 1962; Taylor, 1967).  
Time of concentration (Tc) shows the impact of the length and slope of the main 
channel on increasing or reducing the time taken by the runoff to reach the outlet. As 
explained in section 3.3.2, higher time of concentration leads to less peak discharge. In 
this study, contrasting differences were observed among the catchments where Tc varied 
between 4.19 minutes to 71.30 minutes (mean = 24.4 minutes, S.D. = 22.3). Therefore, the 
negative relation between Tc and Cp (R
2 = 0.43, P < 0.05) indicates that with increasing 
travel time due to the effect of slope and length of the main channel, the peak discharge 
becomes less and vice-versa.  
The differences in Cp could also be related to soil permeability. Hence, the differences in 
permeability are indirectly represented by If (the product of the density and frequency of 
drainage networks) was used as a surrogate for differences in soil permeability. High If 
values represent more stream density and stream frequency (number of stream segments per 
unit area) which usually develop in impermeable soils. Consequently, higher If causes less 
infiltration rate and high runoff (Faniran, 1968). Inline to this, in the regression analysis, If 
together with vegetation cover was found to be a determinant factor of Cp.  
92 
4.5 Conclusions 
Based on monitoring of precipitation events and their associated peak discharges of 332 
events in three rainy seasons (2011-2014), in this study, runoff response of 11 steep 
reforesting mountainous catchments was analyzed in relation to precipitation events, 
vegetation cover and physiographic variables. It has been demonstrated that in all the 
catchments, peak discharge events were positively related to precipitation events (R2 = 
0.32 to 0.94, P<0.01). This indicates the sensitivity of steep mountain catchments to 
distribution of precipitation events. Catchments also showed large spatial variability in 
mean catchment-specific peak discharge coefficient (Cp) ranging from 0.11 to 0.87. 
Catchment-specific peak discharge coefficient (Cp) was inversely related to vegetation 
cover (R2 = 0.85, P < 0.01), relative distance of vegetation cover from thalweg (DV) (R2 = 
0.55, P < 0.01), combined index of vegetation cover and its relative distance from thalweg 
(R2 = 0.76, P < 0.01), average soil depth (R2 = 0.42, P < 0.01 while positively with index 
of vegetation distribution (KCV) (R
2 = 0.45, P < 0.05). This implies that both the 
percentage of vegetation cover and its relative distribution across catchments have 
significant hydrological impacts on steep mountain catchments.  
The study also reveals that catchment-specific peak discharge coefficient is positively 
related to average slope gradient of catchments (R2 = 0.37, P<0.05) and negatively with 
time of concentration (R2 = 0.43, P < 0.05), catchment length (R2 = 0.37, P<0.05) and 
average soil depth (R2 = 0.42, P < 0.05). Out of the three formations of the Cenozoic rocks 
which constitute the lithology of the study area (section 1.1), only the Hashenge formation 
was positively related with Cp (R
2
= 0.52, P < 0.05). A stepwise multiple regression analysis 
result reveals that, 99% of the observed variability in catchment-specific peak discharge 
can be predicted by a combination of vegetation cover (P < 0.01) and infiltration number 
(P < 0.05).  
Detail understanding of the process should nevertheless involve (i) studies of the impact of 
soil texture, soil moisture, colluvial materials and rainfall intensity, and (ii) seasonal 
comparisons in peak discharge variability between the dry and rainy seasons since vegetation 
cover in the area varies between these contrasting seasons.  
All in all, the based on the findings of this research, the following points may be 
generalized: 
1. In steep mountainous catchments where it is difficult to directly measure 
discharges using the conventional techniques, the hydrological behavior of such 
mountains could be successfully understood using simple measurements of 
rainfall and peak discharge events. 
2. The hydrologic behavior of reforesting steep mountain catchments is determined 
by precipitation and strongly by percentage of vegetation cover and its strategic 
location; farther from the thalweg in the sloping sides of the catchment where 
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vegetation cover buffers volume and velocity of runoff before they reach at the 
thalweg.  
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Variability in the supply and transport of stream bedload particles during storm 
events is an important hydro-geomorphologic response of steep mountain streams 
to land management in their catchments. Due to difficulties in its measurement and 
absence of accurate measuring equipment, bedload transport in mountain streams is, 
however, poorly understood. This study focuses on analyzing bedload supply and 
entrainment in 11 streams of sloping (27-65%) catchments (0.4-25km2) in North 
Ethiopia, which have experienced severe deforestation and degradation until the 
first half of the 1980s and considerable rehabilitation thereafter. Field 
measurements of median diameter of the 10 coarsest bedload particles (Max10) 
moved in each event (n = 332) and stream bed particle sampling (n = 100) were 
carried out in three rainy seasons (2012-2014). Event peak discharges were 
calculated from measurements of event peak stages by 11 crest stage gauges using 
the Manning’s equation. Percentages of land cover classes in the catchments were 
detected from high resolution (0.6 m) Google Earth imagery (February 1, 2014). 
Morphometric characteristics of the catchments were computed from ASTER 
digital elevation model and topographic maps. Hydraulic competence analysis for 
the entrainment of the average Max10 was carried out using peak discharge, stream 
power and critical shear stress approaches. Max10 was positively related to scar 
density on the surrounding slopes (R2 = 0.50, p < 0.05) and catchment area (R2 = 
0.36, p < 0.05) while negatively with total forest cover (R2 = 0.63, p < 0.05) or 
vegetation cover (R2 = 0.58, p < 0.05). A multiple regression analysis showed that 
98% of the variability in Max10 is explained by scar density and catchment area. 
Likewise, D50 of the bedload particles was positively related with scar density (R
2 = 
0.38, p < 0.05) and catchment area (R2 = 0.36, p < 0.05) while D84 was negatively 
related with vegetation cover (R2 = 0.57, p < 0.05) and total forest cover (R2 = 0.62, 
p<0.05). Entrainment of Max10 was positively related to peak discharge (Qp) (R
2 = 
0.60, p < 0.01, stream power () (R2 = 0.71, p < 0.01) and critical shear stress (τc) 
with reference to D50 (r 50) (R
2 = 0.96, p < 0.01) and D84 (r84) (R
2 = 0.93, p < 0.01). 
The relationships between event-based Max10 and event Qp in each catchment were 
also used to extrapolate the peak discharges that would have prevailed in the first 
half of the 1980s and the result showed huge reductions in peak discharges (p < 
0.01) as a result of the reforestation interventions. Overall, this study demonstrates 
that (i) the supply of bedload in steep tropical mountains is determined negatively 
by forest or vegetation cover and positively by the presence of scar networks in the 
sloping catchments and catchment size, (ii) the entrainment of the coarsest bedload 
particles is determined positively by peak discharge or stream power and most 
strongly by critical shear stress, and (iii) in steep mountain streams where direct 
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measurement of bedload movement is difficult, yet simple in situ measurement of 
the coarsest bedload particles (Max10) entrained in each event helps for 
understanding sediment flux in relation to catchment rehabilitation and for 
reconstructing historical flood events.  
 
Key words: bedload, crest stage gauge, hydrogeomorphology, mountain streams, 




Mountain streams bear strong hillslope-channel links and stream dynamics. Therefore, 
they are fingerprints of slope erosion dynamics, linked to changes in vegetation cover and 
the development of hillslope scars. Mountain catchments experience highly active 
geomorphological processes (Caine, 1974; Barsch and Caine, 1984). Consequently, 
relative to lowland streams, they are generally highly responsive to the geomorphological 
processes manifested by high (Gintz et al., 1996) and variable (Gomez, 1991; Vericat et 
al., 2006; Habersack et al., 2008) bedload transport fluxes. These streams transport large 
amounts of coarse bed sediment (Schmidt and Ergenzinger, 1992; Lenzi, 2004). The high 
responsiveness of mountain streams to variability in precipitation (Badoux et al., 2012), 
and changes in vegetation cover of their catchments (Coulthard and Macklin, 2001; 
DeFries and Eshleman, 2004) may also exacerbate the variability in bedload 
transportation. 
The dynamic nature of bedload determines the geomorphic characteristics of streams 
(Schumm, 1977; Gomez, 1991; Schneider et al., 2014). Since bedload is transported 
mainly during storm events, it is the major sediment source for lowland streams (Beylich 
et al., 2011) and main agent of natural hazards in mountain regions (Schumm, 1977; 
Schneider et al., 2014). Hence, since the grain size composition of stream bed materials 
indicates how streams behave in response to changes in rainfall and vegetation cover of 
their catchments and streams (Harelson et al., 1994), analysis of stream bed grain size 
distribution and variability has since long been used to monitor sediment inputs from 
various land cover and land use activities (MacDonald et al., 1991; Kershner et al., 2004), 
to evaluate sediment deposition following land disturbance events (Potyondy and Hardy, 
1994), to assess the cumulative effects from a variety of land management activities 
(Bevenger and King, 1995; Schnackenberg and MacDonald, 1998), to analyze the relation 
between size of flood event (Parker, 2002) and sediment flux and thereby to planfor 
hazard mitigation activities (Badoux et al., 2014).   
Yet, though bedload transport has been studied by many earth scientists and engineers 
for more than a century (Gomez and Church, 1989; Wu et al., 2004), accurate prediction 
of bedload sediment supply aand entrainment in steep mountains is still challenging  
mainly because it is more difficult to measure (Ergenzinger et al., 2003) for the following 
reasons: because (i) mountain streams are usually composed of non-uniform sediment 
mixtures (Wu et al., 2004), (ii) the measurements employed are laborious, expensive, and 
technically challenging (Rickenmann et al., 2012), and (iii) many bedload transport 
formulas for steep rivers, developed or calibrated using data of experiments in laboratory 
flumes can predict values substantially different from those values measured in natural 
streams (Bathurst, 1987; Gomez and Church, 1989; Rickenmann, 2001). Thus, compared 
to lowland rivers, relatively few studies have been undertaken on sediment transport in 
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mountain streams. Moreover, due to such problems, unlike bedload sediment, the 
suspended sediment concentrations are still the more commonly measured (Ergenzinger et 
al., 2003). 
Land degradation in the northern Ethiopian highlands, caused by the combination of 
erosive rains, deforestation and agriculture on steep slopes (Gebresamuel et al., 2009) 
resulted in severe hydro-geomorphologic impacts mostly evidenced by the formation of 
dense gully and river networks (Frankl et al., 2011; Frankl et al., 2012). To reverse this 
problem, several rehabilitation interventions were introduced  as of the mid-1980s (Asefa 
et al., 2003; Mengistu et al., 2005; Birhane et al., 2006; Nyssen et al., 2010; Nysen et al., 
2015) and have significantly improved the vegetation cover and impacted associated 
hydrogeomorphic processes (Nyssen et al., 2008a). Many impact studies in the region 
demonstrated positive effects of vegetation cover on reduction of discharge and sediment 
movement; e.g. Descheemaeker et al. (2006) analyzed the sediment trapping capacity of 
exclosures in steep slopes, Nyssen et al. (2008b) estimated mean sediment deposition rate 
within catchments, Vanmaercke et al. (2010) studied the importance of flash flood events 
on sediment dynamics at medium-sized catchment scale, and Zenebe et al. (2013) 
analyzed the runoff-response of medium-sized catchments. However, these researchers 
focused on suspended sediment movement. Billi (2008) on his part studied bed forms and 
sediment transport processes in the ephemeral streams of Kobo basin in the Raya graben. 
However, the variability of bedload movement in steep mountains is not fully understood 
in the region.  
Therefore, this study aims at analyzing the variability in bedload supply and transport 
in eleven mountain streams of the western Rift valley escarpment of North Ethiopia. 
Severe degradation of these catchments until the first half of the 1980s resulted in the 
formation of dense gullies and scar networks which produced high discharge and sediment 
volumes in the streams down to the Raya graben (Chapter two). Reforestation 
interventions started as of the second half of the 1980s have recently improved the 
vegetation cover of many catchments while others remain severely degraded. The study 
catchments were selected from a large set of adjacent catchments (Chapter two) based on 
differences in vegetation cover and level of land rehabilitation. Particularly, this research 
focuses on analyzing (i) bedload supply and movement using the average median diameter of 
the 10 coarsest bedload particles (Max10) moved in every peak discharge event, and (ii) 
estimating the values of flow competence for entrainment of the coarsest bedload particles for 
different magnitudes peak discharge flows. 
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5.2 Materials and methods 
This chapter presents analysis of spatial variability in streambedload transport using the 
10 largest bedload particles moved in each peak discharge event as a surrogate of bedload 
movement in the 11 monitoring stations (Figure 5.1).  
 
Figure 5.1 Location map of the study area with monitoring locations (S1 to S11: location of 
the 11 monitoring stations; F1 to F15: location of figures used in this chapter). 
5.2.1 Analysis of bedload dynamics 
5.2.1.1 Assessing historical changes in stream bed particles 
Great variations in the size of bedload particles deposited in the active and abandoned 
stream channels of catchments with contrasting vegetation cover was already reported  in 
chapter two. In this chapter, detail geomorphic surveys were carried out in stream 
channels with the objective of assessing spatio-temporal changes in the rate and size of 
bedload supply to the streams and these changes were linked to the situation before and 
after the initiation of reforestation interventions. Particularly, the differences in the size of 
the bedload particles in the active and inactive channels were compared. Classifying the 
stream bed particles and especially the big boulders either into “old” or “new” was made 
based on the stability and on the presence or absence of trees and shrubs on the bars and 
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abandoned channels, together with verification by local informants who have adequate 
knowledge on the study area. Then, the locations of the bars of the relatively old boulder 
depositions; which did not show recently supplied boulders, were registered using hand held 
Global Navigation Satellite System (GNSS) and mapped. Moreover, Google Earth 
imagery (2005, 2014), repeat photos and aerial photos of 1936 (Frankl et al., 2014) were 
used to assess temporal variability in bedload supply to the streams.  
5.2.1.2 Sampling stream bed particles  
In order to analyze the characteristics of the stream bed particles at the monitoring 
stations, stream bed particle sampling was carried out using the Wolman’s (1954) pebble 
count method, which is the most widely used and the most efficient technique (Harelson et 
al., 1994). The method requires an observer with a metric ruler who wades through the 
stream and a note taker who wades or remains on the bank with the field book. There are 
two methods; (i) Wolman pebble count with heel-to-toe walk, and (ii) systematic sampling 
at even-spaced marks along a measuring tape. In the latter method, a measuring tape is 
stretched in several transects across the sampling area and particles are selected at 
intersections with even-spaced marks along the edge of the tape, for example at marks of 
0.5 m intervals (Wohl, 2000) or exactly under the grid points of the established measuring 
grid (Hey and Thorne, 1983; Yuzyk and Winkler, 1991). The pebble count with heel-to-
toe walk method is usually subjected to effect of operator preferences which often leads to 
bias against small particles. Hence, to avoid this problem, in this research, we used the 
systematic sampling at even-spaced marks along a measuring tape method where stream 
bed particles were sampled at every 30 cm interval both before and after the rainy season 
(Figure 5.2). The intermediate axis of the bed materials was then tallied and classified in 
mm according to the classification used by Leopold (1970). 
 
  
Figure 5.2 Systematic pebble counting in Wera station; measuring tape stretched along the 
stream (A), x and y indicate painted benchmarks for starting the pebble count 
before and after the rainy season. An assistant researcher, measuring the stream 
bed particles at every 30 cm interval (B). 
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5.2.1.3 Estimation of flow competence for bedload particle entrainment  
The flashy, deep, turbid, and turbulent flows as well as large roughness elements and 
uneven bed topography usually make direct measurement of bedload transport in 
mountain streams very difficult (Ryan and Troendle, 1977; Emmett, 1980; Gomez and 
Church, 1989; Wohl, 2000).  
Moreover, monitoring activities through permanently installed devices and specially 
designed samplers, not only require substantial efforts but are costly (Schneider et al., 
2014). These possibly involve construction within the streambed like Vortex samplers 
(Klingeman, 1979); Birkbeck samplers (Reid et al., 1980) or moving bedload baskets 
(Rickenmann et al., 2012) or that can be used only in specific locations for short time 
intervals of bedload traps (e.g., Helley and Smith, 1971; Bunte et al., 2004). Similarly, 
estimation of transported bedload volumes in unmeasured stream reaches depends on 
empirical equations which are usually developed from limited laboratory and field data 
and have large predictive uncertainties mainly in mountain streams (Bathurst et al., 1987; 
Rickenmann, 2001; Nitsche et al., 2011). Therefore, the size of traansported bedload 
particle may be measured only indirectly, using various traps, tracers, or samplers (Ryan 
and Troendle, 1977).  
In this study, due to the flashy nature of the stream flows and due to the fact that peak 
discharges usually occur in the late afternoon or at night, variability in bedload supply and 
entrainment were studied by measuring the size of the 10 coarsest bedload particles 
(Max10) moved by peak discharge events. The entrainment of marked grain seeds method 
is widely used to analyze flow competence (e.g. Petit et al., 2005; Houbrechts et al., 2015). 
However, in this study the application of marked grain seeds was not practical due to; (i) 
particle recovery is almost impossible (Ryan and Troendle, 1977) and (ii) in places like 
our study area; where the streams are source of water both for livestock and domestic 
uses, painted grains catch the attention of children and hence they are subjected to 
disturbance. Therefore, benchmarks were painted on largest bed materials, which are 
relatively stable, or bed rock outcrops which hardly move by runoff as reference points 
Photographs were taken before and after peak flow event from fixed direction and are 
used to identify the new bedload particles deposited inside the polygons delimited by 
benchmarks (Figure 5.3). The average intermediate diameters of the newly deposited 10 
coarsest bedload particless (Max10) were measured in situ using tape meter. To avoid 
measurement errors and bias, an average of five measurements were taken per stream bed 
particle. Though we tried to take vertical photographs by positioning a camera directly 
over the areas between the painted large boulders and make the measurements from the 
photos, in the lower stations where the stream cross-sections were wider (up to 30 meters 
in Hara station), it was difficult to take vertical photos and this led to important 
distortions. Moreover, some materials were obscured by overlying grains and grass 
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(Church et al., 1987). Hence, only in situ measurements were used for the sake of accurate 
measurements while the photos were used to identify the newly moved on bed material 
after peak discharge events.   
 
 
Figure 5.3 Hara monitoring station: photographs of bed materials (A) taken before 
(photographed on 19/7/2012) and (B) after a flood event (re-photographed on 
20/7/2012). Black arrows indicate some of the new coarsest bed load particles 
moved, blue arrows indicate crest stage gauge and red arrows indicate tape meter 
(diameter = 20 cm) used as a scale for the size of the bedloads moved. 
5.2.2 Determining factors of bedload supply and entrainmnet 
5.2.2.1 Controlling factors of bedload particle supply and its characteristics  
The supply of bedload to stream channels and its characteristics is determined largely by 
vegetation cover of catchments (Liebault et al., 2002). Vegetation cover stabilizes surface 
particles and hence reduces erosion and movement of bedload materials (Liebault et al., 
2002). The question is whether these types of correlations that have particularly been 
studied in temperate mountain catchments, are also valid in tropical mountain 
environments characterized by highly intensive precipitation. Hence, in this study, land 
cover mapping was carried out based on Google Earth imagery of 2014 (Chapter three). 
 
In addition to vegetation cover, geomorphologic characteristics of the catchment can 
play an important role in determining bedload supply to the streams (Liebault et al., 2002). 
In this study, the following four important geomorphic variables were considered: 
(i) Scar density: in mountainous catchments, scar networks incised down to the bed 
rock are both important visual indicators of land degradation and allow rapid 
sediment supply to the stream channels. Mapped scar networks on steep slopes of 
the catchments were correlated with their respective stream bed particles (D50, D84 
and Max10). 
110 
(ii) Average catchment slope gradient (Sc): slope gradient is an important topographic 
variable which affects erosion potential. Generally, in highly degraded steep 
slopes, sediment production tends to be high (Gallant and Wilson, 2000).  
(iii) Catchment area (A): the area of a catchment is another important parameter of 
sediment production (Schumm, 1956). Hence, more sediment production is 
expected from larger catchment areas. 
(iv) Hypsometric integral (Hi): Hypsometry, which is a measure of the relationship 
between elevation and area in a catchment, indicates the erosional maturity of a 
catchment (Strahler, 1952). Hypsometric values of catchments indicate the 
susceptibility of catchments to erosion (Strahler, 1952; Weissel et al., 1994; 
Hurtrez, et al., 1996; Ritter et al., 2002). Hi was calculated using equation (4.10): 
 
A Hi value > 0.5 indicates  “unstable”, “actively uplifting”, “young” catchments 
dominated by diffusive processes (mainly hillslope processes) while Hi values <0.5 
indicate “tectonically stable”, “denuded”, “mature” catchments; dominated by fluvial 
erosion (channel processes play a larger role). More “balanced”, flattened S-shaped, or 
straight hypsometric curves (Hi ~ 0.50), suggest a relatively stable, but still developing 
landscape (Willgoose, 1994; Willgoose and Hancock, 1998) whereas Strahler (1952) gives 
a slightly different classification (Hi ≤ 0.3=old, 0.3 ≤ Hi ≤ 0.6 = mature and Hi ≥ 0.6 = 
young).  
 
5.2.2.2 Hydraulic parameters of stream bedload particle entrainment  
Bedload transport rates are functions of different hydraulic forces (Bagnold, 1966). Hence, 
many researchers used the concept of flow competence to estimate the magnitude of flows 
needed to entrain particle sizes in the stream bed (Bagnold, 1966; Petit et al., 2005; 
Whitaker and Potts, 2007; Houbrechts et al., 2015). The competence usually corresponds 
to the coarsest bedload grain size transported. As greater stream power is required to 
transport larger particles, it is used to establish links between flow and maximum particle 
sizes in motion (Wilcock, 1992). 
In this study, in order to estimate the threshold of incipient of motion of the average 
median diameter of the 10 coarsest bedload particles(Max10) moved in each event, peak 
discharge (Qp), stream power () and critical shear stress (τc) (Baker and Ritter, 1975; 
Komar, 1987) approaches were used. 
Peak discharge can largely determine the size of bedload movement in mountain 
catchments. In this study, 332 peak stage events were measured indirectly using 11 crest 
stage gauges (chapter four) and were used to calculate peak discharges using the 
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Manning’s equation (Jarrett, 1984; Bathurst, 1985; Lumbroso and Gaume, 2012; Karalis 
et al., 2014) (Equation 4.14  to equation 4.17, Chapter 4). 
The accuracy of peak discharge calculations and the impact of peak discharges on 
entraining the size of bedload particles is strongly influenced by stream bed roughness Stream 
bed roughness leads to greater bed form shear stress. When the roughness of the bed is 
high, there is greater loss of energy that may lead to a lesser movement of bedload 
particles (Petit et al., 2005; Nitsche et al., 2011).There are several ways of estimating stream 
bed roughness coefficient. The Strickler equation, the Darcy-Weisbach equation and the 
Manning’s equation are among the widely used ones. However, the first two equations 
consider as most of the flow resistance is related to the roughness of the beds or bed material 
friction. Moreover, the Strickler equation is usually considered to be more appropriate to 
wide-shallow channels (width-depth ratio greater than 10) (Strickler, A. 1981). Most parts of 
the channels in the study area are, however, narrow, characterized by some vegetation cover 
(especially of the channels in the upper streams) and with some extent of local sinuosity 
caused mainly by stabilized-or-quasi stabilized lateral and mid channel bars. In fact, except 
the Hara, Gira Kahsu lower and Bora stations, all our stations are very narrow. Hence, in 
order to consider the effect of various roughness variables on stream flow velocity and 
thereby in transporting of bedload particles, in this study, the Manning’s roughness coefficient 
(n) (equation 4.16) was used to calculate event peak discharge. Moreover, after calculating 




) (Qp/channel width (w)) were 
normalized by stream cross-section width at the monitoring stations and were correlated later 
with average event Max10 in each station.  
Stream power, which is expressed as the rate of energy dissipation per unit of channel 
is one of the most appropriate index of work accomplished to sediment (Haschenburger 
and Church, 1998). Stream power may also determine the maximum particle size that a 
given flow can transport (Gilbert and Murphy, 1914). Hence, in this study stream power 
(W m-1) is used to represent flow strength and is given by: 
 
 =g QpSc  (5.1) 
Where is the fluid density (kg m3), g the acceleration due to gravity (m s2), Qp the 
flood peak discharge (m3 s1), and Sc the channel slope at the monitoring stations (m m
1).  
 
Many researchers (e.g. Petit et al., 2005; Schneider et al., 2014; Houbrechts et al., 
2015) on the other hand, used specific stream power (ω) W m-2), which represents the 
amount of work that a river may do which is obtained by dividing the stream power values 
to cross section width as:  
 
      ω = ρgQpS/w   (5.2) 
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Where ρ is the fluid density (kg m-3), g is the acceleration due to gravity (m s-2), S is the 
channel slope (m m-1), and w is the flow or channel width (m). 
 
Estimation of critical shear stress (τc) (the minimum shear stress needed for 
entrainment of a particular grain with a diameter of size D) is the other commonly used 
approach. Several empirical relationships between grain size and critical shear stress, 
stream power or discharge are recommended by different researchers (e.g. Baker and 
Ritter, 1975; Giomez and Church). However, though entrainment of grains in a deposit of 
mixed grain sizes is a function of grain size and position relative to the surrounding 
particles, the empirical relations do not consider this effect of selective entrainment which 
occurs in such mixed size deposits (Komar, 1987). Based on laboratory flume data of 
near-uniform grain sizes, Shields (1936) developed a critical shear stress equation to 
determine the threshold values for entrainment of particles. However, most mountain 
streams are poorly sorted with large range of grains and highly irregular bed surface which 
contribute for particle hiding and protrusion, variables which are not considered in the 
Shields parameter (Komar, 1987; Wiberg and Smith, 1989; Buffington and Montgomery, 
1997). Hence, considering this heterogeneity Komar (1987) developed an equation (eq.8) 
for calculating critical shear stress in poorly sorted steams was also used in this study.  
 






Where τc = critical mean bed shear stress is the critical shear stress at which the 
sediment particle of interest begins to move (N/m2), ρs = grain density (2650 kg/m
3), ρw = 
density of water (1000 kg/m3), g = gravitational acceleration (9.8 m/sec2), D50 = diameter 
of the median grain axis (m), and Di = diameter of the grain of interest axis (m).  
 
The theory behind this equation is that the resistance of a grain (Di) to motion depends 
on its position and size relative to the position and size of the surrounding particles (D50) 
(Bathurst 1987; Komar 1987; Komar and Carling 1991). Though the D50 is often used as a 
reference diameter, Lenzi et al. (2006), based on their work in a steep boulder-bed channel 
in the Italian Alps, suggest substitution of a larger grain size like D84 or D90 might be more 
appropriate for boulder-bed channels, as these grain sizes are able to characterize bed 
roughness and bed forms with more accuracy. Application of the coarsest bedload 
particles moved in analyzing flow competence has been commonly used by different 
researchers (e.g. Whitaker and Potts, 2007; Houbrechts et al., 2015). In this research, 
critical shear stress values are calculated for Max10 in each station using both D84 (r84) and 
D50 (r50) as the reference grain size. 
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5.3 Results 
5.3.1 Historical changes in stream bedload particle supply 
Analysis of aerial photos, repeat photographs and Google Earth imagery indicated 
temporal variation in the size of bedload deposited in the stream beds. When we look at 
the stream bed in Gira Kahsu catchment, in 1936 and 1939 (Figure 5.4A and C), the 
stream channel was narrower with less boulders visible in its bed. Conversely, large 
boulder depositions and wider channel are noted in 1975 (Figure 5.4D). Their round 
shapes and deposition in lateral and mid channel bars as well as in channels far away from 
nearby sloping areas indicate that, these big boulders were supplied to the stream channels 
by strong floods instead of by mass wasting from the sloping areas. This situation was also 
confirmed by the local informants. In 2014 (Figure 5.4B and E), the heaps of big boulders 
are still in their previous position. However, since the stream flow cannot transport such 
bog boulders (average median diameter of 60 cm), the active channel shifted towards the 
side of the channel resulting in active bank erosion. 
 
 
Figure 5.4 Stream bed in Gira Kahsu catchment with well vegetated banks, narrower width 
and no visible boulders in the stream bed in 1930s (A) and (C) and big boulder 
depositions in 1975 (D). The old boulders are now stabilized by grass and herbs 
while the active channel shifted towards the left side of the stream channel (B) 
resulting in active bank erosion. Two of the abandoned hamlets (x = Adi Abebe 
and y = Adi Gidey Tareke), on both sides of the stream channel, are now covered 
by vegetation. The aerial photograph and Google Earth image are oriented with 
south up in order to match better with the view direction of the terrestrial 
photographs. Photo credit: 1936 Italian Military Geographical Institute (IGMI), 
1939 A. Maugini (courtesy IAO, Firenze), 1975 R.N. Munro, 2014 Google Earth. 
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The temporal variability in bedload size was verified in the field during the stream 
channel geomorphologic survey. In most parts of the streams, relatively older boulder 
depositions were observed in lateral and mid-channel bars or in abandoned channels, 
mostly stabilized by shrubs or herbs, while relatively smaller bed materials are deposited 
in the narrow active channels (Figure 5.5). The locations of the stabilized bars formed by 
deposition of relatively old boulders in each of the 11 streams were identified in the field 




Figure 5.5 Boulder depositions in the lower stream of the Gira Kahsu catchment have formed 
bars, now stabilized by bushes and herbs while less and smaller bedload 




Figure 5.6 Partial view of the stream channel in the Gira Kahsu catchment with the location 
of stabilized bars formed by deposition of old boulders. The main road, from 
Addis Ababa (south) to Mekelle (north) winds through the catchment. 
5.3.2 Characteristics of stream bedload particles: D50, D84 and Max10  
The stations showed great variation in the average size of bedload particles; D50 (22.5 ± 
10.5 mm), D84 (85.7 ± 26.9 mm) and the coarsest bedload particles moved (178.2 ± 79.6) 
(Table 5.1). Hara station showed the highest size in D50, D84 and the average size of the 10 
coarsest bedload particles moved (Max10) whereas the Gira Kahsu upper and lower 
stations showed the lowest D50, D84 and Max10. 
Generally, hydrogeomorphic researchers consider mountain streams as coarse bed 
streams: gravel-bed or cobble-bed streams (e.g. Gintz et al., 1996; Laturippe et al., 2001; 
Bounte et al., 2004). In this study, the characteristics of the stream beds were 
quantitatively characterized based on the median grain diameter (D50) collected using the 
pebble count at the monitoring cross-sections the result shows that all streams are gravel-
bed streams with average D50 values ranging from 4.8 mm (Gira Kahsu upper station) to 42.4 
mm (Hara station). 
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5.3.3 Land cover and catchment geomorphologic variables 
Great differences were observed among the catchments in terms of vegetation cover 
(chapter three) where Gira kahsu lower (57.5) and Gira Kahsu upper (51%) have the 
highest vegetation cover whereas Hawla upper (3.9%) and Jeneto lower (8.4%) 
catchments the have lowest vegetation cover. Similarly, the values of catchment level 
geomorphologic variables which may determine the supply and characteristics of bedload 
particle show great differences among the catchments (Table 5.1). Bora (0.69 km km-2), 
Maliko (0.64 km km-2) and Hara (0.62 km km-2) catchments showed the highest scar 
density networks whereas Gira Kahsu lower (0.04 km km-2), Mistay Aha (0.05 km km-2) 
and Gira Kahsu upper catchments showed the lowest scar densities. Maliko (0.65 m m-1) 
is the steepest while Mistay Aha (0.27 m m-1) is the gentlest sloping catchment (Table 
1.1). Similarly, great differences are observed in the Hi values of the catchments ranging 
from 0.58 (Gira Kahsu upper) to 0.39 (Hawla lower and Jeneto lower). According to 
Willgoose (1994) and Willgoose and Hancock (1998), the Wera, Hara, Gira Kahsu upper, 
Hawla upper and Maliko catchments are classified as young catchments whereas the 
remaining are matured catchments (Table 5.1). 
 
Table 5.1 Major geomorphometric characteristics of catchments that determine supply and 
















Willgoose and Hancock 
(1998) classfication 
Wera 0.22 0.28 12.52 0.50 young 
Mistay Aha 0.05 0.27 3.79 0.40 matured 
Hara 0.62 0.34 24.47 0.57 young 
Gira Kahsu upper 0.14 0.52 1.87 0.58 young 
Gira Kahsu lower 0.04 0.51 5.89 0.40 matured 
Hawla upper 0.30 0.54 0.83 0.53 young 
Hawla lower 0.26 0.57 3.38 0.39 matured 
Jeneto upper 0.31 0.58 0.62 0.44 matured 
Jeneto lower 0.43 0.50 1.00 0.39 matured 
Maliko 0.64 0.65 0.36 0.56 young 
Bora 0.69 0.51 1.76 0.43 matured 
Average 0.34 0.48 5.14 0.47  
 
 
The hypsometric curve (Hc) for the 11 catchments (Figure 5.7), show terraced nature of 
most of the catchments where mixtures of both convex and concave shapes are observed 
in every catchment. Overall, Mistay Aha, Jeneto upper, Jeneto lower, Bora, Gira Kahsu 
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upper, Gira Kahsu lower and Hawla lower catchments have almost convex curve while the 
remaining catchments have nearly concave shapes.  
 
 
Figure 5.7 Hypsometric curves (Hc) of the catchments   
5.3.4 Hydraulic data 
Average event peak discharges (m3s-1) for the rainy months (July to September) of three 
years (2012-2014) show high variability (24.46 ± 24.00). Similarly, the stations showed 
great difference in terms of stream power ( (10,309 ± 8,960 W m-1) and in terms of critical 










5.3.5 The relation between the characteristics of stream bed particles 
and catchment variables 
The average median diameter of the 10 coarsest bedload particles moved (Max10) showeda 
logarithmic positive relation with scar density (R2 = 0.50, P < 0.05) and direct linear 
relation with catchment area (R2 = 0.36, P < 0.05) while negative exponential relation with 
vegetation cover (R2 = 0.58, P < 0.05) and total forest cover (R2 = 0.63, P < 0.05). D50 and 
D84 are correlated to these explanatory factors in a similar way (Figure 5.8). 
The relation between Max10 and the aforementioned variables was not linear except for 
catchment area (Figure 5.8). Hence, the original values of each variable were transformed 
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using the models obtained from each regression (Figure 5.8). A multiple linear regression 
analysis was then carried out using the transformed values of scar density; vegetation 
cover and total forest cover together with catchment area, average catchment slope 
gradient and hypsometric integral of each catchment as explanatory variables of the 10 
coarsest bedload particles moved (Max10) which resulted in:  
 Max10  = 94.3 + 0.7 ln scar density + 7.3 catchment area     R
2 = 0.98       (5.3) 
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Maliko Bora mean Std 
D50 (mm) 31 17 42 5 9 28 21 27 25 18 26 23 10 
D84 (mm) 117 68 119 47 38 85 105 110 89 79 86 86 27 
Max10 (mm) 222 135 336 42 66 187 199 168 218 173 214 178 80 
Max10/D50 7.2 7.9 8.0 8.4 7.3 6.7 9.5 6.2 8.7 9.6 8.2 8.0 1.1 
Max10/D84 1.9 2.0 2.8 0.9 1.7 2.2 1.9 1.5 2.4 2.2 2.5 2.0 0.5 
Width (m) 12.3 6.2 30.2 7.3 19.3 4.1 4.2 4.8 13 3 16.2 10.96 8 
Slope (m m
-1)





) 62.74 16.33 77.74 5.24 11.14 12.52 28.07 8.52 15.61 5.63 25.48 24.46 24.00 
W m
-1
) 15371 3201 30474 1027 5459 2454 15130 8350 15298 1655 14982 10309 8960 
ω W m
-2




















Figure 5.8 Characteristics of bedload and bed material particles with their explanatory 
variables 
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5.3.6 Analysis of flow competence 
In order to identify the major hydrolic variables that control the movement of Max10, 
correlation analysis was carried out between average Max10, average peak discharge (Qp), 
average catchment-specific peak discharge (Qps), stream channel slope gradient at the 
monitoring stations, stream power (), specific stream power (ω), critical shear stress taking 
D84 as grain reference (τc r84) and D50 as grain reference (τc r50). Average Max10 was 
positively related to peak discharge (Qp) (R
2
 = 0.60, P < 0.01), stream power (R
2
 = 0.71, p < 
0.01), critical shear stress (τc r84) (R
2
 = 0.93, p < 0.01) and critical shear stress (τc r50) (R
2
 = 
0.96, p < 0.01) (Figure 5.9) 
 
 
Figure 5.9  Relationship between average diameter of the 10 coarsest bedload particles moved 
(Max10) and Peak discharge(Qp), Stream power ( ), critical shear stress with a 
reference of D84 (τc r84) and critical shear stress with a reference of D50 (τc r50). 
 
Moreover, specific peak discharge event (Qps) was positively correlated with the average 
size of the 10 coarsest bedload particles moved (Max10) in each event. For all streams, 
positive significant relation was observed between these two variables (Figure 5.10). 





Figure 5.10  Relationship between specific peak discharge event (Qps) and average size of the 




In order to extrapolate the magnitude of the largest historical floods e.g. that destroyed 
Alamata town and the villages in the Raya graben in the first half of the 1980s, the 
average intermediate size of the coarsest relatively old boulders (n=10) deposited at or 
close to the monitoring stations (Figure 5.11) were used together with their respective 
equations in Figure 5.11. Due to absence of relatively old boulder depositions in and close 




Figure 5.11 Old boulder depositions in Wera station (A), Gira Kahsu upper (B) and Hara (C) 
stations used to extrapolate the magnitude of floods which transported these old 
boulders. Red arrows indicate tape meter (20 cm) and a painted boulder (C) (74 
cm) for scale 
 
Table 5.3 Average intermediate diameter of old boulders, extrapolated specific peak 
discharge event (Qpse), extrapolated peak discharge (Qpe), largest absolute peak 




Average intermediate size  
























n average sd 
Wera 10 500.00 26.35 9.8 120.92 118.57 62.74 
Mistay Aha 10 351.20 24.64 8.9 54.51 39.36 16.33 
Hara 10 731.78 240.34 8.5 256.38 174.67 77.74 
Gira Kahsu upper 10 566.67 483.05 13.5 98.58 11 5.24 
Gira Kahsu lower 6 588.89 380.45 7.5 145.25 27.7 11.14 
Hawla upper  8 320.00 44.08 8.4 34.44 23.11 12.52 
Hawla lower 10 556.50 71.69 15.74 65.31 63.73 28.07 
Jeneto upper 10 335.67 28.93 5.9 28.03 27.25 8.52 
Maliko 5 364.44 57.94 5.35 16.26 15.94 5.63 
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Comparative analysis between the current average peak discharges measured in the 
field (Qp) (2012-2014) and the extrapolated values (Qpe) showed significant reduction in 
peak discharge in all the stations (P < 0.01). Moreover, positive relation (R2 = 0.63, P < 
0.05) was observed between the largest absolute peak discharges recorded in the last three 
years (Qpl) and extrapolated peak discharge (Qpe) (Table 5.3 (Figure 5.12).            
 
 




) in the last three  years 




) for the largest floods 
in historical times. 
5.4 Discussion 
5.4.1 Temporal variability in the size of bedload supply and 
movement 
As evidenced by the aerial photos and channel geomorphologic survey, the size of bedload 
supply to the stream channels has shown temporal variations where in the 1930s, smaller 
boulders were deposited in the stream beds; a situation which was reversed between the 
1960s and first half of the 1980s. Rapid deforestation of the catchments and expansion of 
farm lands and settlements (Chapter 3) on steep slopes resulted in huge floods typically 
associated with transportation of big boulders which claimed the life of many people and 
livestock in the Raya Graben and specifically in Alamata town. The rehabilitation 
interventions started in the second half of the 1980s; which included resettlement and 
abandonment of farming in the steep slopes as well as application of reforestation and 
afforestation programs, improved the vegetation cover of many catchments and mainly the 
Gira Kahsu catchment (Chapter 3). Consequently, the supply of sediment to the stream 
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channels and competence of the streams to transport boulders decreased (Petit et al., 2005) 
as a result of which relics of the boulders deposited previously are remaining in the form 
of stabilized bars in the stream beds. 
Conversely, in places where croplands, barelands and settlements still dominate the 
land cover of the catchments, the dense scar networks on the sloping parts of the 
catchments, mainly of the Hara catchment are still supplying very big boulders to the main 
stream channel during certain peak events (Figure 5.13 and Figure 5.14). Though the 
stream bed itself could also be a source of large boulders, the deposition of newly supplied 
boulders at the confluence of the tributaries (just at the out lets of the scar networks) and the 
main rivers (Figure 5.13) indicates that the runoff which flows through the scar networks on 
the sloping parts of the catchments has more energy to transport the big boulders to the 
streams; a case which is not commonly observed in the relatively vegetated catchments like 
Gira Kahsu. 
   
  
Figure 5.13  In 2005, less boulder depositions while in 2014, more boulder depositions are 
observed in the active stream bed of the lower stream of the Hara catchment. The 
red arrows indicate the big bedloads deposited in the channel after 2005 while the 




Figure 5.14  In 2011, very big boulders transported by the scar networks formed bars in the 
main channel and this led to shifting of the thalweg to the right side of the channel  
5.4.2 Physiographic characteristics of catchments and their impact on 
the supply and characteristics of stream bed particles  
Like the historical differences in bedload deposition, great differences were observed in 
the characteristics of stream bed particles sampled over the last three years. The largest 
size of D50, D84 and average size of the 10 coarsest bedload particles moved (Max10) was 
observed in Hara station followed by the Wera station whereas the Gira Kahsu upper and 
Gira Kahsu lower stations showed the smallest sizes. Such avariability is often a function 
of the availability of materials (Turowski et al., 2009) which in turn are mainly related to 
vegetation cover (Vanacker et al., 2005; Molina et al., 2008) and geomorphology of the 
catchments (Rickenmann, 2001; Schneider et al., 2014). Also, in this study, a positive 
logarithmic relation was observed between Max10 and scar denisty (R
2 = 0.50, P < 0.05) 
while positive linear relation with catchment area (R2 = 0.36, p < 0.05). This is due to the 
fcat that when the catchment has less scar networks, there is less supply of bedload 
particles to the stream. Conversely, when the density of scar network increses, the supply 
of bedload particles increases in a logarithmic progression manner. The positive linear 
relation between Max10 and catchment area on the other hand implies that when the size of 
the catchment increases, the supply of bedload increases at the same rate. On the other 
hand, negative exponential relation was observed between Max10 and total forest cover (R
2 
= 0.63, P < 0.05) as well as with vegetation cover (R2 = 0.58, P < 0.05) implying that 
when the the vegetation cover is less, huge amount of bedload is supplied form the 
catchments which gradually decreases exponentially with increasing vegetation cover of 
the catchment. Therefore, the largest Max10 values in Hara and Wera catchments could be 
partly attributed to their large catchment size and largest stream power values (Table 3). 
However, the significant role of vegetation cover in minimizing Max10 is also clearly seen. 
For example, the Gira Kahsu lower catchment (with the highest vegetation cover (58%)) 
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has the largest catchment size after Hara and Wera catchments while having higher stream 
power values than Mistay Aha, Hawla upper and Maliko rivers. Yet, it has the lowest Max10 
value after Gira Kahsu upper station. Likewise, D50 was positively related with scar density 
(R2 = 0.38, P < 0.05) and catchment area (R2 = 0.36, P < 0.05) while negatively with total 
forest cover (R2 = 0.63, P < 0.05) and with vegetation cover (R2 = 0.48, P< 0.05) whereas 
D84 was negatively related with vegetation cover (R
2 = 0.57, P < 0.05) and total forest 
cover (R2 = 0.62, P < 0.05). This implies that the more degraded places which still have 
high scar densities in their sloping areas are associated with the availability of larger 
stream bed particles.  
Similarly, the positive association between catchment area and D50 and Max10 indicates 
that when the size of the catchment increases, there is higher possibility for the streams to 
receive larger particles (Hurtrez et al., 1996; Ritter et al., 2006).  
Conversely, since vegetation cover and forests play a stabilizing role, less and smaller 
materials are available and supplied to the stream channel. Overall, 98% of the variability 
in average size of the 10 coarsest bedload particles moved (Max10) is explained by scar 
density and catchment area. In the Tigray highlands of Northern Ethiopia, Descheemaeker 
et al. (2006) reported on the role of restoring vegetation cover of exclosures in trapping 
sediment inside the catchments. Hence, a change in land cover has major implications on 
sediment production and supply (Vanacker et al., 2005). A relatively small increase in 
vegetation cover (10 to 25%) can lead to a significant (60%) decrease in short-term 
sediment yield (Molina et al., 2008).  
 
5.4.3 The impact of hydraulic variables on stream bed particle 
movement 
Transportation rate of stream bedload particles is largely determined by several hydraulic 
variables (Bagnold, 1966; Petit et al., 2005; Whitaker and Potts, 2007; Houbrechts et al., 
2015). Consistent with many other studies (e.g. Rickenmann, 2001; Schneider et al., 
2014), in the current study, Max10 was positively related with average peak discharge (R
2 
= 0.60, p < 0.01). Event Max10 was also positively related to event specific peak discharge 
(Qps) in all the catchments. This implies that the entrainment of Max10 is sensitive to the 
amount of peak discharge. However, contradicting with the findings of a similar study by 
Whitaker and Potts (2007), average specific peak discharge was not significantly related 
with Max10. On the other hand, in line to the findings by (Haschenburger and Church, 
1998), stream power was positively related to average stream power ( (R2 = 0.71, p < 
0.01). In this study, compared to average peak discharge (Qp), average stream power was 
stronger in terms of influencing particles entrainment. Unlike the findings by Petit et al 
(2005), Schneider et al., (2014) and Houbrechts et al (2015), specific stream power (ω) 
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was not statistically related to Max10. Estimation of critical shear stress (τc) (the minimum 
shear stress needed for entrainment of the average size of the 10 coarsest bedload particles 
(Max10) with reference D50 (r50) and D84 (r84) were also carried out and Max10 showed very 
strong positive relation with (r50) (R
2 = 0.96, p < 0.01) and with (r84) (R
2 = 0.93, p < 0.01). 
Comparatively, more entrainment of Max10 was associated with r50 than with r84. This 
could be attributed to the hiding/exposure factor (Whitaker and Potts, 2007) in the sense 
that when D50 (the median diameter of the bed particles) is taken as a reference (r50), the 
ratio of Max10 to D50 becomes higher (8±1.1mm) (Table 5.2) and hence, there is better 
opportunity for exposure of the larger particles which in turn contributes for easier 
entrainment of the coarsest bedload particles. On the contrary, when D84 is taken as a 
reference (r84), the ratio of Max10 to D84 decreases (2±0.5). Thus, at least some parts of the 
larger particles are subjected for hiding and hence more energy is needed to entrain the 
larger particles (Rickenmann, 2001; Turowski et al., 2009).  
5.5 Conclusion 
In this study, analysis of bedload supply and movement was carried out in 11 steep 
mountain catchments which have undergone remarkable land cover changes. As 
evidenced by historical aerial photos, incidental repeat photos, detailed channel 
geomorphologic surveys and conformation from local informants, in the first half of the 
1980s, big boulders were supplied to the streams which are now remaining as stream bars 
throughout the stream channels surveyed. This was attributed to the rapid deforestation of 
the catchments up to the 1980s which led to large discharge flows and sediment transport 
which we calculated back as having peak discharges up to 256 m3s-1 (Hara station) and 
145 m3s-1 (Gira Kahsu lower station). Reforestation interventions introduced as of the 
second half of the 1980s have improved the vegetation cover of many catchments. 
Consequently, the amount and size of bedload supply to streams has dramatically 
decreased.  
The observations in temporal changes of bedload characteristics in the streams were 
sustained by monitoring bedload depositions (n = 332) in three rainy seasons (2012 - 
2014) and by stream bed material sampling (n = 100 in each station) before and after rainy 
seasons. Great differences were observed among the catchments in terms of the supply 
and characteristics of stream bed particles (D50, D84 and Max10) where these particles were 
positively affected by scar density and catchment area while negatively by vegetation 
cover and total forest cover. 
Flow competence analyses were also carried out to estimate the magnitudes of flows 
needed to entrain the average size of the 10 coarsest bedload particles (Max10) moved in 
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each peak discharge event. Max10 was positively related to average peak discharge (Qp) 
(R2 = 0.6, p < 0.01), stream power (R2 = 0.71, p < 0.01), critical shear stress (τc r50) (R
2 = 
0.96, p < 0.01) and critical shear stress (τc r84) (R
2 = 0.93, p < 0.01).  
Over all, the following conclusions can be made based on the findings of the study. 
The availability and supply of bedload and stream bed particls in reforesting steep 
tropical mountains is determined negatively by forest and vegetation cover and positively 
by the presence of scar networks in the sloping catchments.  
 Entrainment of the coarsest bedload particles is influenced by peak discharge, stream 
power and by critical shear stress. However, comparatively, it is strongly influenced 
by critical shear stress than peak discharge or stream power.  
 In steep mountain streams where direct measurement of bedload is difficult, field 
measurement of the coarsest bedload particles moved in every peak discharge 
event enables to understand the variability of bedload supply and in steep tropical 
mountain streams. 
 Analysis of variability in bedload characteristics and movement using simple in 
situ measurement of deposited bedload sediments allows reconstructing historical 
flood events.   
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The dynamics of mountain stream channels are strongly governed by the 
characteristics of discharge and sediment supply which in turn are controlled 
mainly by land cover changes, though studies in steep tropical mountains are 
rare. In this study, eleven streams in steep (0.27-0.65 m m-1) catchments (0.4-
25 km2) of the western Rift Valley escarpment of Ethiopia were selected to 
analyze how mountain streams adjusted to vegetation cover since 1930s. 
Changes in land cover were analyzed using aerial photos of 1936, 1965, 1986 
and Google Earth Imageries of 2005 and 2014. Variability in peak discharge 
between 2012 and 2014 was calculated from measurements of 332 daily peak 
events at 11 crest stage gauges. Variability in bedload movement was 
examined by measuring the diameter of the 10 coarsest bedload particles 
moved in peak discharge every event (Max10). The geomorphologic 
characteristics of the catchments were computed from a digital elevation 
model (30 m resolution). Regression analysis results between vegetation 
cover (2014), average values of peak discharge events (Qp) and the 10 
coarsest bedload particles (Max10) monitored in three rainy seasons (2012 to 
2014) were used to extrapolate the Qp and Max10for 1936, 1965, 1986, and 
2005. The 1936 aerial photos did not cover the western part of the catchment, 
but it generally showed that vegetation cover was relatively better and 
streams were narrow. Average Qp increased from 54 m
3s-1 in 1965 to 56 m3s-1 
in 1986 and then reduced to 34 m3s-1 in 2005 and 31 m3s-1 in 2014. Max10 
increased from 280 mm in 1965 to 294 in 1986 mm and again reduced to 213 
mm in 2005 and to 195 mm in 2014. Consequently, stream channels which 
widened, straightened and braided between 1936 and 1986 were again turned 
to narrow, sinuous and single thread recently after reforestation. Between 
2012 and 2014, streams incised by 6 cm year-1. Stream bed incision was 
positively related to average peak discharge (R2 = 0.71, p < 0.05, n = 11) and 
catchment area (R2 = 0.82, p < 0.05). Compared to the width of the flood 
plain, the active channels of 4 streams narrowed ranging from 26% to 39%. 
Overall, this study illustarates that reforestation of steep tropical mountain 
catchments can give quick response in reducing peak discharges and 
sediment supply to the streams and thereby reshaping stream channels in 
relatively short time.  
 
Key words: reforestation, peak discharge, braided rivers, clear water, 




The geomorphologic characteristics of stream channels are strongly governed by water 
and sediment supply (Gaeuman et al., 2005). When flow regime and its sediment transport 
capacity change, the shape and size of stream channels adjust to the new conditions 
(Leopold and Wolman, 1957; Schumm, 1977; Montgomery and Buffington, 1993). 
Though stream channels respond in various ways to changes in discharge and sediment 
flux, the typical channel adjustments include changes in width, depth, geometry, slope, 
bed texture, and sediment size (Lane, 1955; Schumm, 1969; Lisle et al., 1993; Schumm, 
2005).  
Basically, the supply of water and sediment to stream channels is controlled by 
geology, relief, (Schumm, 2005) as well as cprecipitation and land cover changes 
(Kondolf et al., 2002; Liebault et al., 2005; Boix-Fayos et al., 2007). Compared to the 
geomorphological factors which are commonly stable over longer periods, the 
precipitation and land cover changes result in changes in river channels geomorphology 
over shorter timescales (Schumm, 2005). Especially, vegetation cover changes quickly in 
response to human activity and effectively controls peak flows and bedload flux 
(Montgomery and Buffington, 1993).  
Several researches have shown the impact of changes in vegetation cover of catchments 
on stream geomorphology. Notably, deforestation increases runoff response and sediment 
supply which in turn results in channel widening, bank erosion and flood risk (Kondolf et 
al., 2002; Simon and Darby, 2002; Liebault et al., 2005). Converseley, reforestation is 
associated with reduction in supply of discharge and sediment, thereby narrowing 
channels, stabilizing bars, incising and changing channel patterns such as abandonment of 
previously braided channels (Surian, 1999; Trimble, 1999; Kondolf et al., 2002; Liebault 
and Piegay, 2002; Piegay et al., 2004; Begueria et al., 2006; Boix-Fayos et al., 2007). 
Reforestation interventions introduced as of the mid-1980s in response to severe land 
degradation in Northern Ethiopian highlands (Asefa et al., 2003; Mengistu et al., 2005; 
Birhane et al., 2006; Nyssen et al 2008a, Nyssen et al., 2008b, Nyssen et al., 2010) have  
significantly improved the vegetation cover and impacted associated hydrogeomorphic 
processes (Nyssen et al., 2015). Many researchers reported on the positive impact of 
improving vegetation cover on the reduction of discharge and sediment fluxes. 
Descheemaeker et al. (2006a, 2006b), reported a significant reduction in runoff after 
catchment rehabilitation as well as increased sediment trapping capacity of exclosures 
established on degraded steep slopes while Nyssen et al. (2008a) reported an increased 
sediment deposition rate within catchments after rehabilitation. Stabilization of 
hydrogeomorphic features like gully and river networks were also observed after 
rehabilitation (Frankl et al., 2011; Frankl et al., 2012).  
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As part of the Northern Ethiopian highlands, the catchments in the western Rift valley 
escarpment were highly degraded until the first half of the 1980s, the severity of which 
was manifested by the development of scar networks in the sloping part of the catchments 
which transpoted high discharge and sediment volumes in the streams down to the Raya 
graben (Chapter two). Reforestation interventions introduced as of the second half of the 
1980s have improved the vegetation cover of many catchments (Chapter three). 
Consequently, the productions of peak discharge (Chapter four) and bedload supply and 
movement reduced (Chapter five). This calls for a study of the effects of such changes on 
stream channel adjustments. Therefore, this research aims at analyzing the 
geomorphological adjustment of 11 stream channels in relation to vegetation cover since 
1936.   
6.2 Materials and Methods 
6.2.1 Methodology 
In this chapter, spatio-temporal changes in stream channel geomorphology were analyzed 
in relation to their determining factors by combining historical aerial photos, Google Earth 
images, detail stream channel geomorphological surveys and field measurements at 
different stations (Figure 6.1).   
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Figure 6.1  Location map of the study area (F6.2-F6.14 represent the location of figures used 
in this chapter). 
 
6.2.1.1 Analysis of stream channel geomorphologic changes  
First, aerial photos (1936, 1965 and 1986) and Google Earth images (2005 and 2014) were 
analyzed to map planimetric changes in the stream channels. Based on this, changes in 
stream width and sinuosity were examined. Since the upper streams and the Hawla lower 
stream have very narrow channels and high vegetation cover in their banks, it was not 
possible to measure historical changes from the aerial photos and Google Earth images. 
Hence, only the lower stream segments of the Hara (1.94 km), lower Gira Kahsu (1.8 km), 
Bora (0.6 km) and Jeneto lower (0.42 km) streams were selected for measuring the 
historical planimetric changes. The average flood plain width and sinuosity for 1936, 
1965, 1986, 2005 and 2014 were measured on the aerial photos and Google Earth 
imageries in 10 randomly selected cross-sections per stream segment. In order to calculate 
the average active channel width for 2014, field measurements were carried out on the 10 
sample segments; the average of which was subtracted from the average flood plain width 
in 2014 to get the percentage of recent channel narrowing. Moreover, scar networks are 
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the most clearly noticeable indicators of hydro-geomorphologic changes in the study area 
(Chapter two). Hence, analysis of spatio-temporal changes in the density of scar networks 
was carried out based on the aerial photos of the 1936 and Google Earth imagery of 2014. 
The aerial photos of 1936 did not cover 41% of the Wera, 12% of the Mistay Aha, for 
23% of the Hara, for 13% of the Gira Kahsu upper and 4% of the Gira Kahsu lower 
catchments while the resolution of the 1965 and 1986 aerial photos was too low to map 
scar networks. Thus, the density of scar networks was mapped for the areas covered by the 
photos of 1936 and based on the Google Earth imagery of 2014.    
Second, a field campaign was carried out in May and June 2014 to map channel 
geomorphologic changes while field verifications were carried out in December 2014 and 
early January of 2015. Investigations of active and inactive stream channels; boulder bars, 
abandoned channels, terraces, incised channels as well as changes in the width of the 
stream channels were carried out for the main streams of the 11 catchments during the 
detail geomorphological survey. Locations of the major geomorphologic changes were 
collected using hand held Garmin Global Positioning System (GPS) (resolution = 7m) and 
were mapped using the 2005 and 2014 Google Earth images (0.6 m resolution). Local 
informants who have knowledge about the historical changes in the vegetation cover and 
its impact on peak discharge and boulder supply to the streams were involved during the 
field campaign. Third, channel morphological changes were monitored over the last three 
years (2012-2014) at the outlets of the eleven stations selected for monitoring of peak 
discharge and bedload particle movement.    
6.2.1.2 Potential factors of stream channel geomorphological adjustments 
Different factors of geomorphological adjustments were considered in this study. The most 
important data presented in the previous chapters, namely, vegetation cover (chapter three), 
peak dsichare (chapter four) and bedload transport data (Chapter 5) have been used in this 
chapter. Moreover, since no historical data on discharge and sediment flux exists for the 
catchments, the peak discharge and bedload sediment data for the last 8 decades were 
extrapolated using the data collected from the field between 2012 and 2014 and using the 
vegetation cover data; catchment-specific peak discharge coefficient (Cp) which was 
calculated using equation 4.17, was exponentially related to vegetation cover (forest and 
grass) (equation 6.1). 
 
Cp = 0.97e
-0.039vegetation cover      (6.1) 
 
Where, Cp is catchment-specific peak discharge coefficient, e is a mathematical 
constant with a value of 2.71828 and vegetation cover is the percentage of vegetation 
cover of the respective years in each catchment.  
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Finally, the extrapolated Cp values were were converted to peak discharge (Qp) of the 
respective years using equation 4.17. Moreover, bedload flux data, as represented by the 
average size of the 10 coarsest bedload particles moved in each peak discharge (MaxC10) 
in the rainy months of the last three years (2012-2014) was related to peak discharges (Qp) 
and percentage of vegetation cover as: 
 
Max10 = 2.5Qp - 2.7vegetation cover + 181 (R
2= 94)  ………………… (6.2) 
 
Where Max10 is the average size of the 10 coarsest bedload particles moved in each 
event (mm), Qp is average peak discharge (m
3s-1) and vegetation cover is the percentage of 
total forest and grass in each catchment (which were strongly related  with peak discharge 
in chapter four).  
Moreover, geomorphologic characteristics of the catchments, mainly, catchment slope 
gradient and catchment area were computed from DEM (30m resolution) while average 
stream slope gradient and stream channel width at the monitoring stations were measured 
using clinometer and tape meter respectively.  
6.3 Results 
6.3.1 Major changes in channel geomorphology  
6.3.1.1 Geomorphologic characteristics of the streams in the 1930s 
As evidenced by the historical aerial photos and some incidental repeat photos of the Gira 
Kahsu catchment, in the 1930s, the streams were relatively narrow, sinuous and had 
relatively stabilized banks with good vegetal cover. Moreover, the density of scar 
networks was generally very less as compared to the density in 2014. Except in Gira 
Kahsu lower catchment, average scar density in all the catchments increased from 0.1 km 
km2 in 1936 to 0.34 km km2 in 2014 (Table 6.1). Most of the dense scar networks of the 
Hara catchment clearly observed in 2014 (Figure 6.2 bottom) did not exist in 1936 




Figure 6.2 In the sloping part of the Hara catchment, scar networks were not much developed 




6.3.1.2 Types of stream adjustments between 1960s and first half of the 1980s 
As confirmed by the local informants, large amounts of big boulders were supplied to the 
stream channels (Figure 6.3) between 1965 and the first half of the 1980s, which gradually 
led to the establishment of lateral and mid channel bars which are now mostly stabilized 
by grass or shrubs. Consequently, the streams at that period were characterized by wide, 
straight as well as braided channels. 
 
 
Figure 6.3 Stream bed in Gira Kahsu catchment with well vegetated banks, narrower width 
and no visible boulder depositions observed in 1939. Conversely, big boulder 
depositions as well as wider channels were witnessed in 1975 (Photos: IAO (1939) 
and R.N Munro (1975). In recent photos, they could not be realized because the 
vegetation cover of the area is over grown. 
 
6.3.1.3 Types of stream adjustment after the second half of the 1980s 
After the second half of the 1980s, the stream adjustments were characterized mainly by 
incision, narrowing and abandonment of braided channels in favour of single thread 
channels (Figure 6.4). Moreover, monitoring of the geomorphologic adjustments in the 11 
stations showed that incision was the significant channel adjustment occurred over the last 
three years (2012-2014) in 7 of the 11 streams (Table 6.1) while neither incision nor 
aggradation was observed in the remaining stations (Hawla upper, Gira Kahsu upper, 
Maliko and Jeneto upper ) owing to their stabilization.  
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Figure 6.4 Segment of the Hara stream channel with the major types of channel 
geomorphologic characteristics 
 
Hara station has shown the highest annual incision rate (24.3 m) (Table 6.1) at the 
monitoring station. It was incised by an average of 26 cm between 2/8/2012 and 
13/8/2013 (Figure 6.5A and B). In 2014 and 2015, the average incision further increased 
to 73 cm (Figure 6.5C and D). Similarly, high incision was recorded in one of the 
frequently visited places of the Gira Kahsu stream (Figure 6.6). Between 18/7/2012 and 
2/7/2014, the stream increased by 140 cm (Figure 6.6B). Generally, the streams at the 11 























Wera 0.03 0.22  27.0 9.0 
Mista Aha 0.00 0.05  19.0 6.3 
Hara 0.11 0.62  73.0 24.3 
Gira Kahsu 
upper 
0.00 0.14  0.0 0.0 
Gira Kahsu 
lower 
0.14 0.04  23.0 7.7 
Hawla upper 0.09 0.30  0.0 0.0 
Hawla lower 0.17 0.26  25.0 8.3 
Jeneto upper 0.15 0.31  0.0 0.0 
Jeneto lower 0.16 0.43  21.0 7.0 
Maliko 0.00 0.64  0.0 0.0 
Bora 0.14 0.69  22.0 7.3 
Average 0.09 0.34  19.1 6.4 
Sdv 0.07 0.23  21.2 7.1 
*
measurements were taken at the monitoring stations 
 
 
Figure 6.5 The river Hara stream bed at station was incised on average by 26 cm between 
2/8/2012 and 13/8/2013 and by 73 cm between 2/8/2012 and 05/01/2015.  The 
capacity of the stream flow is now weak to transport the big boulders (D). 
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Figure 6.6 A frequently visited station in the Gira Kahsu stream, incised by 140 cm between 
18/7/2012 and 2/7/2014. The flow has taken the finer bed particles shown in 2012 
(A) but had no capacity to take the old boulders (B).    
 
Most of the time, incision was accompanied by narrowing and abandoning part of the 
previously widened channels which resulted in the formation of terraces (Figure 6.7).  
 
 
Figure 6.7 Incision of the Gira Kahsu river accompanied by narrowing. The stream is now 
confined in a narrow channel abandoning the old part (about 8 years old) (right and 
left side of the channel) which now formed terraces. 
Changes in pattern of the stream channels was the other channel adjustment commonly 
observed recently. Currently, the active channels have become more sinuous (Figure 6.8) 
and single thread (Figure 6.9). Therefore, throughtime, the channel pattern changed from 
relatively sinuous before 1965 to straight up to 1986, to braided streams up to 2005 and 
recently again to single thread and sinuous patterns (Figure 6.8, Figure 6.9, Table 6.2). 




Figure 6.8 In the upper part of the Wera and Hara catchment, the channel (with farmlands on 
both sides) was relatively sinuous and narrow up to 1965 (A and B). By 1986 the 
stream has been straightened and width of the channel increased (C). By 2014, 
again sinuosity increased and the active channel became narrower while the banks 
were stabilized with vegetation (D). The arrows point to the major changes in 
width and sinuosity of the channels. 
 
Figure 6.9 In the lower part of the Gira Kahsu catchment, the previously braided channels 
have become single thread channels. The main road, from Addis Ababa (south) to 
Mekelle (north) winds through the catchment. 
After 1986, widening of the flood plain width continued but the rate was lower than in 
the previous time. Specifically, the rate of width increment in the lower Hara stream was 
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18% (baseline is width in 1936) between 1936 and 1965, 66% between 1965 and 1986, 
17% between 1986 and 2005 and 14% between 2005 and 2014. This implies that, the 
average annual width increment over the last 78 years was 0.37 m year-1 but between 1965 
and 1986, it was 0.67 m year-1. Likewise, similar trend was observed in the lower Gra 
Kahsu stream, the width increased by 22% between 1965 and 1936, by 73% between 1965 
and 1986, by 2% between 1986 and 2005 and by 4% betwee2005 and 2014. Over the last 
78 years, the width increased on average by 0.2 m year-1 while it was 0.54 m year-1 
between 1965 and 1986 (Table 6.2). Despite the increasing trend in the width of the flood 
plain over the last 78 years, the width of the active channel has reduced recently. In 2014, 
compared to the width of the flood plain, the width of the active channel comprised 61% 
in Hara, 70% in Gira Kahsu lower, 74% in Bora and 71% in Jeneto streams (Table 6.2).  
 












1936 1.12 1.11 1.18 1.05 
1965 1.13 1.12 1.19 1.05 
1986 1.12 1.09 1.18 1.05 
2005 1.14 1.11 1.2 1.05 
2014 1.18 1.13 1.22 1.08 
Mean width of the flood 
plain (m) 
(n= 10) 
1936 18.16 12.74 14.94 8.45 
1965 21.28 15.49 15.92 8.71 
1986 35.43 26.85 21.68 10.62 
2005 41.57 27.51 22.8 10.72 
2014 47.37 28.71 25 11.8 
Mean width of the active 
channel (m)  (2014) (N = 
10) 
2014 28.9 20.1 18.5 8.42 
Narrowing (%) (2014) 39.0 30.0 26.2 29.2 
 
150 
6.3.2 Explanatory variables of stream channel adjustment  
6.3.2.1 Patterns of rainfall variability and vegetation cover changes 
Different patterns of rainfall distribution were observed between Korem and Alamata 
since the 1950s. The average precipitation of the rainy months (July-September) for 29 
years in Korem (576 mm) was higher than the average 28 years’ precipitation of Alamata 
station (355 mm). The precipitation data recorded in Korem between 1958 and 2012 did 
not show significant change (though there are many missing valus) with time whereas in 
Alamata, significant increase was observed with time (p < 0.5). Generally, lower 
precipitation was recorded in the first half of the 1980s both in Korem and Alamata 
stations (Figure 6.10). Mean summer (July-September) precipitations of seven monitoring 
stations in the study catchments over the last three years (2012- 2014) was significantly 
different (p < 0.05) with the mean precipitation of 28 years in the Alamata station but did 
not significantly differ with that of the Korem station. 
 
 
Figure 6.10  Rainfall data recorded during the rainy months (July- September) at Korem 




The spatial variability in the average precipitation events (Pd) monitored over the last 
three rainy seasons (2012-2014) used to extrapolate the peak discharge values is presented 
in chapter 4 while the spatial variability of vegetation cover is presented in chapter 
three.The average precipitation event (Pd) over the last three rainy seasons (2012-2014) 
also showed great variability among the catchmentswhcih varied between 20.79 mm 
(Hawla upper) and 15.31mm (Hara) stations.  
 
6.3.2.2 Hydrogeomorphological factors of stream channel adjustment  
Supply of discharge and sediment to the streams revealed spatio-temporal variability over 
the last three years (Chapter four and chapter five). In line to this, the extrapolated values 
of catchment-specific peak discharge (Cpe), peak discharge (Qpe) (Table 6.3), and the 
average size of the 10 coarsest bedload particles moved in each event (Max10e) which were 
calculated using equations 6.1and 6.2 (Table 6.3) also showed higher variability. In line to 
the vegetation cover changes, average extrapolated peak discharge continuously increased 
from 1936 (52.3 m3s-1) to 1986 (56.1 m3s-1) and then decreased dramatically in 2005(34.4 
m3s-1) and 2014(30.8 m3s-1). The situation was similar in Wera and Hara catchments where 
as in Gira Kahsu upper and Gira Kahsu lower stations, it decreased between 1936 and 
1965 but increased again in 1986. After 1986, dramatic reduction was observed in Gira 
Kahsu lower (Table 6.3).  
Like the Cpe and Qpe, Max10e values showed a generally increasing pattern between 
1936 and 1986, conversely, dramatic reduction after 1986 except in Hawla upper and 
Hawla lower stations. Especially in Gira Kahsu upper and Gira Kahsu lower stations, the 
rise in the size of the Max10e values between 1965 and 1986 and the decline there after was 
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Wera 0.29 0.60 0.65 0.66 0.33 0.32 62.74 141.56 154.85 157.28 78.86 76.14 222 501 541 548 304 295 
Mistay 
Aha 
0.26 0.41 0.48 0.47 0.34 0.31 16.33 26.59 30.84 30.01 22.05 19.61 135 189 209 206 164 150 
Hara 0.20 0.63 0.67 0.71 0.40 0.36 77.74 237. 85 251.19 265.29 149.53 135.11 336 746 783 822 493 450 
Gira Kahsu 
upper 
0.16 0.17 0.14 0.32 0.13 0.13 5.24 5.49 4.36 10.40 4.26 4.26 42 75 56 131 54 54 
Gira Kahsu 
lower 
0.11 0.51 0.19 0.40 0.14 0.10 11.14 46.37 17.70 37.13 12.41 9.44 66 252 113 213 76 49 
Hawla 
upper 
0.74 0.61 0.80 0.81 0.83 0.83 12.52 10.06 13.33 13.43 13.86 13.86 187 173 201 202 205 205 
Hawla 
lower 
0.44 0.54 0.72 0.49 0.63 0.53 28.07 34.83 46.12 31.60 40.39 33.76 199 228 276 213 252 223 
Jeneto 
upper 
0.72 0.97 0.97 0.97 0.97 0.69 8.52 11.51 11.51 11.51 11.51 8.14 168 210 210 210 210 177 
Jeneto 
lower 
0.72 0.97 0.97 0.97 0.97 0.70 15.61 18.91 18.91 18.91 18.91 13.62 218 228 228 228 228 192 
Maliko 0.87 0.97 0.97 0.97 0.53 0.52 5.63 7.57 7.57 7.57 4.15 4.05 173 200 200 200 150 148 
Bora 0.79 0.97 0.97 0.97 0.64 0.59 25.48 34.05 34.05 34.05 22.61 20.75 214 266 266 266 209 199 
Average 0.48 0.70 0.70 0.70 0.50 0.50 24.46 52.30 53.7 56.1 34.4 30.8 178 279 280 294 213 195 
Sdv 0.29 0.27 0.30 0.25 0.30 0.24 24.00 72.45. 77.9 81.09 43.65 40.18 80 186 206 205 118 110 
M
 measured in the field; 
a
 taken from chapter four, b taken from chapter five,  
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As a way of testing, correlation analysis was carried out between the peak discharge, 
catchment-specific peak discharge and average size of the 10 coarsest bedload particles 
moved in each peak discharge between 2012 and 2014 and their corresponding 
extrapolated values and very strong correlation was observed (Figure 6.11). 
 
 
Figure 6.11  Relationship between the field measured and the extrapolated discharge and 
bedload data: specific peak discharge (Cp) versus extrapolated catchment-specific 
peak discharge coefficient (Cpe) (A), Peak discharge(Qp) versus extrapolated peak 
discharge (Qpe) (B), averrage median size of the 10 largest bedload particles 
(Max10) versus extrapolated value of the 10 coarsest bedload particles (Max10e) 
(C).   
 
6.3.2.3 Explanatory factors of channel incision  
Average peak discharge (QP), catchment-specific peak discharge (Cp), vegetation cover 
(%), catchment area, catchment slope gradient and stream channel slope gradient at the 
monitoring stations were considered as determinant factors of channel incision. However, 
only peak discharge (Qp) (R
2 = 0.71, p < 0.01) (Figure 6.12) and catchment area (R2 = 
0.82, p < 0.01) (Figure 6.12) were significantly related with rate of incision monitored 
over the last three years. During the incision process, the fine particles are taken while the 
coarser particles remained.  
            
154 
 
Figure 6.12  Relationship between incision rate, peak discharge (Qp) and catchment area ( n= 
11) 
6.4  Discussion 
The stream channels reacted differently to the variations in discharge and sediment input 
over the last eight decades. Variation in these two factors is determined manly by geology, 
geomorphology, precipitation and land cover. However, since precipitation and land cover 
vary over time, they cause rapid changes in discharge and sediment supply to stream 
channel in a relatively short time (Begueria, et al, 2006Monitoring of rainfall was started 
in Korem as early as 1958 by the Ethiopian Meteorological Agency.However, many of the 
earlier data are missing and especially of the drought periods of the first half of the 1980s. 
However, the existing precipitation data of the station showed no significant variation 
over the last couple of decades. Conversely, vegetation cover showed significant changes 
over time; notably, dramatic reduction between 1936 and 1986 and rapid improvement 
after 1986. From this perspective, the phases of channel adjustment observed in the 
streams could be explained maily in relation to the trajectories of vegetation cover 
changes. Generally, the major geomorphologic adjustment of the streams observed over 
the last eight decades could be divided in two three major periods:  
6.4.1 Channel response to steady changes in peak discharge and 
bedload supply between 1930s and 1960s 
From the aerial photo of 1936 (though it did not cover the western part of the study area) 
and incidental repeat photos, it was understood that the supply of discharge and sediment 
to the streams did not result in dramatic changes in stream geomorphology. Hence, the 
streams at that period were characterized by stabilized width and relatively shallow depth. 
Since density of scar networks are among the most vivid hydro-geomorphologic indicators 
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of stream adjustments (Chapter 2), the low density of scar networks prevailing in 1936 
could further justify the stability of the streams at that time.  
Between 1936 and 1965, the vegetation cover in Gira Kahsu upper and Gira Kahsu 
lower catchments showed a relatively large increase while a relatively higher reduction 
was observed in Hawla upper and Hawla lower catchments. In the remaining catchments, 
however, vegetation decreased steadily. Consequently, peak discharge was estimated to 
have dramatically decreased mainly in Gira Kahsu lower station; from 46.4 m3s-1 in 1936 
to 17.7 m3s-1. Especially in Hawla lower, it increased from 34.8 m3s-1 in 1936 to 46.1 m3s-1 
in 1965. The increase in the size of the average 10 coarsest bedload particles supplied was 
also directly related to the variability of the peak discharge. At that period, the discharge 
and sediment supply did not cause visible change in the geomorphology of the channels. 
Hence, the pattern of the stream channels remained relatively narrow, sinuous and 
stabilized even in the intensively farmed part of the Wera and Hara catchments. Jeneto 
upper, Jeneto lower, Maliko and Bora catchments had no forest and grass cover from 1936 
to 1980 (Chapter three). Hence, no changes were observed in Qp and Max10 in these years.  
6.4.2 Channel response to large amount of discharge and sediment 
flux between 1960s and first half of 1980s 
Between 1965 and 1986, except in Mistay Aha and Hawla lower catchments, percentage 
of vegetation cover was highly reduced. The reduction was very sharp in Gira Kahsu 
upper and Gira Kahsu lower catchments. Consequently, except in Mistay Aha and Hawla 
lower, peak discharge increased and especially in Hara, Gira Kahsu upper and Gira Kahsu 
lower catchments, the increase was very large. In Gira Kahsu lower catchment, Qp 
increased from 17.7 m3s-1 in 1965 to 37.1 m3s-1 in 1986 while Max10 increased from 113 
(1965) mm to 213 mm (1986). In Hawla lower, Qp decreased from 46.1 m
3s-1 in 1965 to 
31.6 m3s-1 in 1986 while Max10 decreased from 276 mm to 213 mm. In Hara, Qp increased 
from 251.2 m3s-1 in 1965 to 265.3 m3s-1 in 1986 while Max10 increased from 783 mm in 
1965 to 822 mm in 1986 This increase in peak discharge in these catchments was 
accompanied by increase in the size of the bedload supply to the streams, which was the 
main cause for the straightening, aggradation and widening of the channels and formation 
of braided morphology (Leopold and Wolman, 1957; Smith and Smith, 1984; Thorne, 
1997). The droughts of the 1980s and concomitant stress on vegetation could have also 




6.4.3 Channel response to reduced magnitude of peak discharge and 
bedload size after the second half of the 1980s  
The initiation of reforestation interventions in the second half of the 1980s contributed for 
the reduction of discharge and sediment to the stream channels. As a result, the carrying 
capacity of the discharge to transport the boulders deposited in the stream channels 
reduced and this situation, together with the incision of the channels, eventually, led to the 
formation of lateral (Figure 6.13A) and mid-point bars (Figure 6.13, B). 
After 1986, the vegetation cover of the catchments (except in Hawla upper and Hawla 
lower catchments which showed an increment only after 2005) has shown significant 
increase in all the catchments. The increase in vegetation cover was very high in Gira 
Kahsu upper, Gira Kahsu lower and Hara catchments. Generally, this was followed by 
further reduction of peak discharge and bedload supply to the stream channels. 
Consequently, the active channels of the streams have incised and narrowed (Sundborg, 
1956; Liebault et al., 2001; Gaeuman et al., 2005); while the abandoned channels caused 
due to narrowing of the channels are now vegetated and have formed terraces (Liebault et 
al., 2002; Beguieria et al., 2006), the boulder bars supplied to the steam channels between 
the 1960s and 1980s are getting stabilized by vegetation growth (Figure 6.13B) inducing 
more narrowing of the channels. The previously braided channels are recently converted 
to single thread streams (Begin, 1981)  
 
 
Figure 6.13  In Gira Kahsu lower stream, old boulders narrowed the channel (A). Boulder bars 
started to stabilize by vegetation growth formed two thread channels. Due to the 
abandonment of the channel in the left, the channel has recently become single.  
 
Currently, the discharge is carrying relatively lower and finer bedload sizes and hence, 
caused more incision of the channel beds in line with the findings by Liebault et al. (2001) 
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and Marlston et al. (2003). The positive relation between incision rate and peak discharge 
(Figure 6.12A) indicates that clear water; as indicated by the negative relationship 
between vegetation cover and peak discharge (chapter 4), has more effect in degrading 
(incising) the stream channels (Boix-Fayos et al 2007). The positive relation between 
catchment area and incision could also be explained by the fact that when the size of the 
catchment increases, its contribution for higher peak discharge and thereby incision rate 
becomes higher. Therefore, currently, clear water effected incision and bank erosion are 
the common degradation mechanisms widely observed in the streams. While incision in 
the lower streams is accompanied by narrowing and bank erosion, in the upper streams, it 
is preferentially accompanied by stabilization of stream banks by vegetation cover. 
6.5 Conclusion  
In this study, analysis of the major stream channel adjustments to variability in discharge 
and sediment supply was carried in 11 mountain catchments of the Ethiopian Rift valley 
escarpment for the last eight decades (1935-2014). A combination of both field data and 
image analysis were employed to collect the necessary data. Generally, the spatio-
temporal variability in the supply of discharge and sediment to the streams was 
profoundly determined by the land cover trajectories which generally showed a dramatic 
reduction between 1965 and 1986 and sharp improvement after 1986 due to the 
reforestation interventions initiated as of the late 1980s. The supply of large amount of 
peak discharge and bedload sediment often characterized by big boulders in the first half 
of the 1980s exhibited wide, straight and braided channels which were characterized by 
devastative flooding. 
Recently, due to the improvement of vegetation cover in most of the catchments, the 
amount of discharge and size of bedload supply have strongly reduced. Consequently, 
channel incision and narrowing, increased sinuosity, conversion of braided channels in 
favour of single thread channels, abandonment of previously active channels and 
formation of terraces in place, clear water impacted bank erosion as well as stability of 
stream channel and banks have been the major stream channel adjustments occurred.  
Field measurements of incision rate between 2012 and 2014 showed positive relation of  
incision rate with peak discharge (R2 = 0.75, p < 0.01, n = 11) and catchment area (R2 = 
0.81, P < 0.01, n = 11) indicating that the current relatively less sediment loaded 
discharges supplied to the channel have incised the stream channel, particularly, in case of 
larger catchments with relatively higher peak discharges.  
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Channel narrowing as represented by the difference between width of the flood plain 
and the width of the active channel (in 2014) in four streams ranges from 39 % (Hara), 30 
% (Gira Kahsu), 29% (Jeneto lower) and to 26% (Bora).  
All in all, this study illustrates that in steep mountain catchments, stream channels react 
quickly to the changes in the vegetation cover of their catchments and hence, ascertain the 
role of reforestation interventions in curbing land degradation and associated disasters in 
relatively short time.   
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Chapter 7 Summary and conclusion  
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The western Rift Valley escarpment of Ethiopia is one of the highly degraded areas of the 
country owing to population growth and associated shortage and fragmentation of 
farmlands which forced farmers to expand their croplands to forest and marginal areas like 
steep slopes (Nyssen et al., 2004; Lanckriet et al., 2014; Teshome, 2014). Moreover, the 
recurrent droughts which occurred in Ethiopia over the second half of the 20thC 
exacerbated the rate of land degradation in the study area. Consequently, due to their steep 
slope gradients, the catchments were severely degraded by the first half of the 1980s to the 
extent that streams were incised down to the bed rocks transporting high volumes of peak 
discharge and boulders which flooded Alamata town and other villages in the Raya 
graben. In response to the severe land degradation and protecting Alamata town from 
devastative flooding, reforestation interventions were initiated as of the second half of the 
1980s.  
This study was then conducted with the objective of analyzing how the mountain 
streams reacted to spatial rainfall variability over the last three years and to land cover 
changes since the 1930s. 
7.1 Impact of rainfall variability on hydrogeomorphology 
of the Rift Valley escarpment 
Generally, within the study period, strong linear relations were observed between 
precipitation and peak discharge events in all the catchments (Figure 4.10). This indicates 
that in such steep catchments, the impact of precipitation on discharge is typically strong. 
However, the relative significance of precipitation varied with the proportion of vegetation 
cover. As shown in Figure 4.11, average peak discharge events were negatively related to 
average vegetation cover (R2 = 0.85, p < 0.01) indicating the strong buffering effect of 
vegetation cover. Particularly, Gira Kahsu lower, Gira Kahsu upper, Hara and Wera 
catchments showed relatively less sensitivity to rainfall events. Conversely, in catchments 
like Hawla upper, Maliko and Mistay Aha, the precipitation events produced higher 
catchment-specific discharge coefficient (Figure 4.10 and Figure 4.11) owing to their 
lower vegetation cover.  
The same amount of rainfall event produced contrasting peak discharges in catchmnets 
which have similar slope gradient. For example, Gira Kahsu lower (area = 5.89 km2, slope 
= 0.50 m m-1) and Hawla lower (area = 3.38 km 2, slope = 0.50 m m-1) catchments have 
more or less similar slope gradients. However, due to their differences in percentatge of 
vegetation cover, a 10 mm event rainfall produced 15 m3 s-1 peak discharge in Hawla 
lower while 8 m3 s-1 in the Gira Kahsu lower catchment (Figure 4.11) despite the larger 
size of Gira Kahsu lower catchment.This is due to the fact that, when mountain 
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catchments are deforested, they are more sensitive to the effect of rainfall variability 
(Coulthard et al., 2000). This could be used to infer past situation of the catchments and it 
could be understood that, up to the first half of the 1980s, due to the lower vegetation 
cover of the catchments, even small amount of rainfall would have resulted in higher peak 
discharges. Moreover, the impact of precipitation on the long term hydro-
geomorphological changes (variability in the size of transported bedload materials, 
incision rate, widening of channels) was strongly linked to changes in vegetation cover. 
Up to the first half of the 1980s, since the vegetation cover was less, strong floods were 
produced which in turn were able to transport very big boulders. This mainly resulted 
aggradation and widening of the channels whereas after the first half of the 1980s, due to 
the reforestation interventions, the improved vegetation cover strongly reduced discharge 
and sediment supply to the streams. Consequently, the stream channels became narrower 
and incised.  
On the other hand, variability in vegetation cover was associated to variability in 
rainfall. In the first half of the 1980s, the vegetation cover of the catchments which was 
already very sparse declined further due to the severe drought of that period. Conversely, 
after the second half of the 1980s, no severe drought occurred and the relatively better 
precipitation distribution (Figure 6.10) reinforced the reforestation interventions in 
improving the vegetation cover.  
Therefore, the drought of the 1980s had two-fold effects on the vegetation cover, (i) 
lack of rainfall directly contributed for the deterioration of the vegetation cover and (ii) 
due to lack of rainfall, farmers were forced to expand their farmland to the previously 
forested catchments. Hence, the large boulder deposits observed in the stream beds are 
expected to have been transported mainly by the storms within the dry period and in the 
few years thereafter. For example, very high rainfall (968 mm) was recorded in the rainy 
season of 1988 in Korem (Figure 6.10). Though reforestation interventions were initiated 
in the first half of the 1980s, the vegetation cover was not still recovered to buffer the 
effect of strong rainfall which prevailed few years after the initiation of the reforestation.  
7.2 The implications of integrated catchment rehabilitation 
on minimizing land degradation 
A first analysis of the level of land rehabilitation in 20 adjacent catchments by correlating 
density of scar networks (mapped on Google Earth imagery of 2005) and vegetation cover 
as represented by Normalized Difference Vegetation Index (NDVI) was carried out. From 
the result, it was understood that the density of scar networks was negatively related to 
NDVI (R2 = 0.28, p < 0.01) and positively with the steepest slope gradients of catchments 
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(> 60%) (R2 = 0.21, p < 0.05). Generally, this result indicates that the reforestation 
intervention which led to improvement of vegetation cover contributed for the reduction 
of the level of degradation of the catchments, whereas the positive relationship between 
the density of scar networks and slope gradient shows the highest susceptibility of steep 
mountain catchments to land degradation. Particularly, the Gira Kahsu catchment showed 
the lowest scar density and highest NDVI value because most part of the catchment was 
exclosed.   
Since the impact of severe degradation in such steep catchments needs time to heal 
totally, some of the scar networks in the catchments with relatively lesser vegetation cover 
still remain as relics on the slopes, being overgrown by vegetation. This is commonly 
observed in the catchments which are not exclosed from the reach of both human beings 
and livestock. In the Gira Kahsu catchment, a cathchment from where production of huge 
discharge and sediment volumes caused devastative flooding of the Raya Graben and in 
Alamata town in particular, the scars have almost disappeared due to the establishment of 
exclosures in most part of the catchment. This implies that when steep catchments are 
freed from the reach of human beings and livestock, the rate of rehabilitation becomes 
faster. 
The analysis of historical aerial photos also indicated that in the 1930s, the density of 
scar networks was much less than in 2014. Though it was not possible to map the scar 
networks for 1965 and 1986 due to the low resolution of the aerial photo, it could be 
hypothesized that the density of scar networks could have been much more than the scar 
density in 2014 before they were healed owing to increasing forest cover. This hypothesis 
is strengthened by the fact that the density of scar network in Gira Kahsu lower catchment 
was higher in 1936 (0.14 km km-2) than in 2014 (0.04 km km-2) (Chapter 6).  
7.3 Variability in land cover change and its impact on 
stream dynamics 
Out of the 20 catchments, 11 catchments with contrasting NDVI values were selected for 
detail analysis of stream dynamics in relation to spatio-temporal variability in land cover. 
Land cover change analysis using the aerial photos of 1936, 1965 and 1986 as well as 
Google Earth imageries of 2005 and 2014 revealed two important periods of land cover 
change in the study area, (i) rapid deforestation between 1965 and the early 1980s and (ii) 
remarkable improvement of vegetation cover after 1986.  
Cropland was the dominant land cover between the 1960s and first half of the 1980s. 
Due to the reforestation interventions initiated as of the second half of the 1980s, forest 
cover increased from 9% in 1986 to 23% in 2005 and 27% in 2014. Total woody 
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vegetation cover (forest, bushland and shrubland) increased from 52% in 1986 to 62 % in 
2005 and 2014. On the other hand, the proportion of cropland decreased from 43% in 
1986 to 31% in 2005 and 2014. Though the 1936 aerial photos did not fully cover the 
study area, it appears that vegetation cover was better than in 1965 and 1986. Woody 
vegetation cover was 65% in 1936, 48% in 1965 and 52% in 1986. Particularly, Gira 
Kahsu upper and Gira Kahsu lower were the catchments which showed remarkable 
improvement in vegetation cover after the second half of the 1980s (Chapter three) owing 
to the integrated reforestation activities and establishment of exclosures in these 
catchments.  
Therefore, this study demonstrates the role of reforestation interventions in 
rehabilitating severely degraded catchments over a relatively short period of three decades 
even in steep mountain regions with high rainfall variability.   
7.4 Variability in peak discharge and sediment movement 
in relation to rainfall variability and land cover change  
Variability in discharge as well as sediment supply and movement typically depend on 
precipitation variability, vegetation cover change, and local topographic factors 
(Markewich et al., 1990; Nahar et al., 2004; Begueria et al., 2006). Owing to their steep 
slope gradients and high intensity of rainfall, mountain streams are usually characterized 
by instantaneous and extreme peak discharges which are usually associated with 
destructive torrents and floods (Markewich et al., 1990; Weingartner et al., 2003; Buytaert 
et al., 2006; Ruiz-Villanueva et al., 2010). Such flashy and torrent flows are difficult for 
direct measurement using the conventional discharge measurement techniques. Thus, in 
order to understand the hydrological behavior of the catchments in relation to rainfall 
variability and land cover change, we monitored daily rainfall events and 332 associated 
peak flows, using 11 crest stage gauges. In line with the findings by Garcıa-Ruiz et al. 
(2005), Garcıa-Ruiz et al. (2008) and many other studies in mountainous areas, the results 
showed strong positive linear relationship between rainfall and peak discharge events in 
all the catchments (R2 = 0.32 - 0.94). On the other hand, exponentially negative 
relationship was observed between catchment-specific peak discharge coefficient and 
percentage of vegetation cover (forest and grass) (R2 = 0.85, p < 0.01). Unlike in many flat 
lands, catchment-specific peak discharge coefficient was also negatively related with 
relative distance of vegetation cover from the thalweg (R2 = 0.55, p < 0.01) and with a 
combined index of vegetation cover and its relative distance from the thalweg (R2 = 0.76, 
p < 0.01). This shows that, in such steep catchments, if the steepest parts of the catchments 
are reforested, runoff is effectively buffered far before it reaches in the thalweg, hence, 
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both the percentage of vegetation cover and its location on the upper steeper slopes have 
significant impact on runoff response of steep mountain catchments.  
Variability in the supply and movement of stream bedload is the other hydro-
geomorphologic characteristic of mountain catchments usually associated to storm events. 
In this study, variability in bedload supply and movement was analyzed alongwith the 
event peak discharges by field measurements of the median diameter of the 10 coarsest 
bedload particles (Max10) moved in each event (n = 332) and by measuring the D50 and 
D84 of the bedload particles using Wolman’s stream bed particle sampling method (n = 
100) before and after the rainy seasons (July - September) over the last three years (2011-
2014). Moreover, hydraulic competence analysis was carried out using peak discharge, 
stream power and critical shear stress aproaches.  
Generally, in this study it was demonstrated that the supply of stream bedload in steep 
mountains is determined negatively by forest cover (R2 = 0.60, p < 0.01) or vegetation 
cover (R2 = 0.58, p < 0.01) and positively by the average density of scar networks in the 
sloping catchments (R2 = 0.50, p < 0.01) and catchment size (R2 = 0.36, p < 0.01) while 
the movement of bedload particles in the stream channels is highly controlled by peak 
discharge (Qp) (R
2 = 0.60, p < 0.01, stream power () (R2 = 0.71, p < 0.01) and critical 
shear stress (τc) with reference to D50 (r 50) (R
2 = 0.96, p < 0.01) and D84 (r84) (R
2 = 0.93, p 
< 0.01). 
The average catchment-specific peak discharge coefficient, average diameter of the 10 
coarsest bedload particles moved in each peak discharge event, percentatge of vegetation 
in each catchment and the relation among these variables were used to extrapolate the 
peak dischsrge and bedload dynamics in 1936, 1965, 1985 and 2005. 
Overall, analysis of peak discharge and bedload flux based on rainfall events, peak 
discharge and movement of the coarsest bedload particles in a given event has important 
hydrogeomorphologic and methodological implications. The strong interdependence of 
peak discharge and average size of the 10 largest bedload particles moved in each peak 
discharge with rainfall and vegetation cover; variables which strongly control the 
hydrological behavior of mountain streams indicates the usefulness of the methodology 
applied in this study on understanding hydrological characteristics of mountain streams 
(Gaume, 2006; Blume et al., 2007; Ruiz-Villanueva et al., 2013).  
7.5 Sensitivity of mountain stream channels to variability in 
discharge and sediment input 
In line with the Schumm’s (1977) theoretical work, the spatio-temporal variability in peak 
discharge and bedload occurred over the last eight decades was strongly associated with 
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stream geomorphologic adjustments. In the 1930s, stream channels were relatively 
narrow, sinuous and stabilized with vegetation. Due to higher peak discharge and bedload 
supply, stream channels became wider, straight and braided between 1965 and 1986 
whereas after the second half of the 1980s, the channels gradually turned again to narrow, 
sinuous and single thread due to reductions in discharge and bedload supply in relation to 
restoration of the vegetation cover. Between 2012 and 2014, streams incised on average 
by 6 cm year-1. Stream bed incision was positively related to average peak discharge (R2 = 
0.71, p < 0.05, n = 11). The positive relationship between stream incision and peak 
discharge (chapter 6) as well as the negative relation between peak discharge and 
vegetation cover (chapter 4) implies that nowadays, the peak discharge flow is carrying 
less bedload and hence, the relatively clear water is degrading the stream bed (Boix-Fayos 
et al., 2007). By 2014, the width of the active channel of 4 of the 11 streams narrowed to 
39% of the width of the flood plain. Moreover, most of the bars which were mainly 
formed by the supplyof big boulders up to the first half of the 1980s are now stabilized by 
vegetation. 
Generally, the precise impact of long term variation in discharge and sediment load 
supply on the stream chnnel geomorphology can best be understood by considering the 
equations of Knighton (1998):  
 
 Q+ and/or Qs
+ => w+, (w/d)+     (7.1) 
 Q+ and/or Qs
- => d+      (7.2) 
 Q- and/or Qs
+ => d-      (7.3) 
 Q- and/or Qs
- => w-, (w/d)-      (7.4) 
 
in which, the + or - signs indicate an increase or decrease in discharge (Q) and bedload 
sediment (Qs) of the streams, and their impact on the width (w), depth (d) and width/depth 
ratio (w/d) of the channels.  
The four equations conceptualize the general response of stream channels to runoff and 
sediment load alterations related to changes in catchment vegetation cover. Generally, eq. 
(7.1) corresponds to the situation of degraded catchments where high discharge and 
bedload sediment supply to the streams results in widening of the channels. With high 
bedload sediment supply, oversaturated flows cause the channels to aggrade (eq. 7.3). This 
situation was commonly observed in most of the degraded catchments. Reversely, eqs. 
(7.2) and (7.4) explain the status of the channels after reforestation where decreased 
discharge and bedload sediment supply have resulted in incision and less aggradation and 
thereby reduced the width of the active part of the channels. This corresponds to the recent 
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situation of the catchments where reduced discharge and sediment supply led to narrowing 
of the active channels  
 
 
Overall, based on the findings of the study, the following conclusions were drawn.  
 Catchment reforestation in the steep mountain catchments of the western Rif 
Valley escarpment of northern Ethiopia has led to a remarkable stabilization of the 
slopes in less than 30 years, as well as to narrowing and incising rivers that should 
be interpreted as signs of a resilient catchment. 
 In steep mountainous catchments where it is difficult to directly measure peak 
discharges using the conventional techniques, given that daily rainfall events 
generally comes in short intensive storms, the hydrological behavior of such 
mountains could be successfully understood using simple measurements of daily 
rainfall and peak discharge events.  
 The hydrologic behavior of reforesting steep mountain catchments is determined 
by precipitation events and strongly by percentage of vegetation cover and its 
strategic location; farther from the thalweg in the sloping sides of the catchment 
where vegetation cover buffers volume and velocity of run off before it reaches a 
drainage line. Daily rainfall events strongly determine peak discharge but its 
relative influence decreases with increasing vegetation cover.   
 The availability and supply of bedload in steep mountains is determined negatively 
by forest or vegetation cover and positively by the presence of scar networks in the 
steepest part of the catchments. 
 The movement of bedload in the stream beds is highly explained by peak 
discharge, stream power and strongly by critical shear atress. 
 In steep mountain streams where direct measurement of bedload transport is 
difficult, field measurement of the coarsest bedload particles moved after every 
peak discharge event enables to understand the variability of bedload flux. 
 Analysis of variability in bedload supply and movement using simple in situ 
measurement of the coarsest bedload particles moved in each peak discharge event 
allows reconstructing historical flood events, if bedload transport conditions are 
understood. 
 Steep mountain stream channels quickly adjust to changes in vegetation and 
associated peak discharge and bedload supply. 
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7.6 Recommendations  
7.6.1 For researchers 
 In this study, analysis of discharge and sediment variability in steep mountains was 
carried out using measurements of peak discharge and the coarsest bedload 
particles moved in each event. Though simple and cheap, it enables to understand 
the hydrogeomorphologic variability in steep mountains. Hence, the methodology 
could be applied in similar environments with a condition that adequate stations are 
established and frequent visit and monitoring of the crest stage gauges is carried 
out. 
 The measurements were made only during the rainy months (July-September) 
(2012-2014). Though the rainfall in this main rainy season covers 64% of the total 
annual rainfall (chapter 4), some peak rainfalls were recorded during the drier 
winter season (Table 4.4) and these rains could have produced high flash floods. 
On the other hand, the very dry soils or relatively higher infiltration rates during 
dry seasons could strongly control peak discharge production. Hence, in order to 
have full understanding of seasonal variability, measurements of peak discharge 
and bedload in both seasons would have been helpful. 
 Due to lack of data, this study did not address the impact of variability in rainfall 
intensity, soil moisture and availability of alluvial-colluvial materials, that could be 
incorporated in future studies. 
7.6.2 For policy practitioners 
The study has several practical implementations for decision makers, conservation 
practitioners, local inhabitants and the broader public.  
 Narrowing and incision of rivers was demonstrated to be a normal consequence of 
catchment rehabilitation - though sometimes unexpected by the broader public who 
may associate such changes with gully erosion and degradation 
 Reforestation interventions in steep mountain catchments could strongly decrease 
flooding and transport of bedload to fertile and densely populated lower areas; this 
control of deforestation-related environmental calamities occurred furthermore in a 
relatively short time. Hence, the reforestation activities should continue in the 
catchments which still have insufficient vegetation cover. Moreover, strict follow-
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up of the already reforested areas should continue so that the sustainability of the 
reforestation process continues.  
 As recommended previously by Nyssen et al. (2008) and Descheemaeker et al. 
(2006) based on their studies in a nearby area and as confirmed in this study 
(Chapter 4), priority in reforestation interventions should be given to the steepest 
parts of catchments, where runoff can be buffered before it enters into the drainage 
system. 
 In case of catchment management and reforestation activities, river downcutting in 
the lower part of the catchment may lead to bank failures. Planning of 
infrastructures should anticipate such hydrogeomorphological changes. 
 The study area is a very suitable area for demonstration of the effects of 
rehabilitation, particularly the Gira Kahsu catchment that is easily accessible and 
where vegetation changes were strongest. Available material, historical 
photographic documentation, strong correlations and directly observable field 
evidence can be the base for educational tours. Equiping the Gira Kahsu catchment 
with didactic boards could be another component of such a demonstration 
programme. 
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Nederlandse samenvatting  
Dynamiek van bergrivieren, beïnvloed door neerslagvariabiliteit en 
landgebruiksveranderingen op de hellingen bij de westelijke Riftvallei in Ethiopië 
 
De bekkens gelegen op de steile hellingen bij de westelijke Riftvallei in Noord-Ethiopië 
zijn uiterst gevoelig voor hydro-geomorfologische veranderingen. Door ontbossing 
hadden zich tegen de jaren ’80 een groot aantal ravijninsnijdingen gevormd op de 
hellingen tussen de steden Alamata en Korem. In dergelijke netwerken werden erg grote 
hoeveelheden water en sediment getransporteerd, tot in de vruchtbare en dichtbevolkte 
Raya Vallei. Om deze problemen tegen te gaan, werden vanaf het midden van de jaren ’80 
conserveringsactiviteiten en herbebossingsactiviteiten uitgevoerd op grote schaal. Het doel 
van dit onderzoek is om de hydro-geomorfologische dynamiek van stromingsnetwerken in 
dit bergachtige gebied te begrijpen, zoals beïnvloed door de recente variabiliteit in 
regenval (2012-2014) en door de tijdsruimtelijke variabiliteit van bedekking door 
vegetatie na de jaren ’30. 
In een eerste deelstudie onderzochten we de hydro-geomorfologische responsen van de 
ravijninsnijdingen na de uitvoering van de conserveringsactiviteiten. Netwerken van 
ravijninsnijdingen werden met Google Earth beelden uit 2005 gekarteerd in 20 bijeen 
gelegen bekkens, en hun dichtheid werd verklaard met de “Normalized Difference 
Vegetation Index” (NDVI) en met de hellingsgradiënt in de bekkens. Door bodem- en 
waterconservering en door een heropleving van het vegetatiedek werden de debieten en 
sedimentfluxen sterk verminderd. Dit heeft tot sterke hydro-geomorfologische 
veranderingen geleid. Dichtheid van de insnijdingen kon worden verklaard door de NDVI 
(negatieve relatie) en door de gemiddelde gradient van de erg steile hellingen (positieve 
relatie) in een multivariaat regressiemodel (R2 = 0.53, p < 0.01, n = 20). De 
sedimenttoevoer naar de netwerken verminderde en verschillende morfologische 
veranderingen werden geobserveerd. Zo veranderden vlechtende stromen naar stromen 
met een enkele bedding, stabiliseerden laterale banken en werden de beddingen smaller en 
dieper ingesneden. 
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Om te begrijpen hoe het natuurlijke milieu reageert op menselijke activiteiten en 
natuurlijke factoren, is het cruciaal om de ruimtelijke en temporele patronen van 
landgebruik te begrijpen. In Noord-Ethiopië werden belangrijke 
landgebruiksveranderingen geobserveerd, onder meer na de implementatie van 
herbebossingsprojecten vanaf de tweede helft van de jaren ‘80. Er werden in ons 
studiegebied al een aantal studies van landgebruik uitgevoerd, maar over de situatie van 
voor de jaren ’60 is weinig geweten. In onze tweede deelstudie willen we daarom de 
tijdsruimtelijke veranderingen in landgebruik analyseren over de voorbije 8 decennia. 
Daarom selecteerden we 11 steile (0.27-0.65 m m-1) bekkens bij de westelijke Riftvallei 
in Noord-Ethiopië. Landgebruik werd geanalyseerd met luchtfoto’s van 1936, 1965 en 
1986, alsook met Google Earth beelden van 2005 en 2014. Gedetailleerde verificatie werd 
uitgevoerd op het terrein om de landgebruikskaarten te valideren. De resultaten tonen aan 
dat akkerland sterk in oppervlakte vermeerderde tussen de jaren ’60 en de eerste helft van 
de jaren ’80. Tegelijk nam de bedekking met vegetatie af. Door herbebossing vanaf de 
tweede helft van de jaren ’80 kon het bosareaal toenemen van 9% in 1986 tot 23% in 2005 
en 27% in 2014. Tegelijk nam de totale bedekking door houtige vegetatie (bossen en 
struikgewassen) toe van 52% in 1986 tot 62% in 2005 en 2014. Ook nam de bedekking 
door akkerland af van 43% in 1986 tot 31% in 2005 en 2014. Onze studie toont aan dat 
conserveringsactiviteiten kunnen leiden tot erg snelle herbebossing (binnen drie decennia) 
– zelfs in bergachtige gebieden met een hoge neerslagseizoenaliteit. 
Piekdebiet is een erg belangrijke parameter voor ‘flash floods’ in bergachtige gebieden. 
Gezien ‘flash floods’ erg snel voorkomen en verwoestend kunnen zijn, is het echter 
relatief moeilijk om piekdebieten in bergachtige gebieden te bestuderen. Om de 
hydrologische respons op de steile hellingen bij de westelijke Riftvallei in Noord-Ethiopië 
te bestuderen, hebben we in de derde deelstudie 332 dagelijkse piekdebieten gemeten in 
11 steile (0.27-0.65 m m-1) bekkens (0.4-25 km2) over drie regenseizoenen (2012-2014). 
Zeven pluviometers werden geïnstalleerd op verschillende hoogte (1623-2851 m a.s.l.) in 
en bij de bekkens. Piekdebieten werden berekend met de Manning-vergelijking na meting 
van maximale vloedhoogtes bij 11 meetstations. Het landgebruik in de bekkens werd 
gekarteerd met hoge-resolutie beelden (0.6 m) van Google Earth (1 februari 2014). 
Morfometrische eigenschappen van de bekkens werden berekend vanaf een ASTER 
digitaal hoogtemodel (DEM) en vanaf topografische kaarten. Correlaties berekend tussen 
regenval en piekdebiet tonen een sterke positieve relatie aan in alle bekkens (R2 = 0.32 tot 
0.94, P < 0.05). De gemiddelde bekken-specifieke coëfficiënt van piekdebiet toonde een 
sterke afnemende relatie met vegetatiebedekking (R2 = 0.85, P < 0.01), relatieve afstand 
van het vegetatiedek vanaf de thalweg (R2 = 0.55, P < 0.01), de gecombineerde index van 
vegetatiebedekking en de relatieve afstand vanaf de thalweg (R2 = 0.76, P < 0.01), de 
bekkenlengtes (R2 = 0.37, P < 0.05), de concentratietijd (R2 = 0.43, P < 0.05) en de 
gemiddelde bodemdiepte (R2 = 0.42, P < 0.01). Deze was ook positief gecorreleerd met de 
hellingsgradiënt van het bekken (R2 = 0.37, P < 0.05) en de index van vegetatiedistributie 
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(R2 = 0.45, P < 0.05). Een stapsgewijze multivariate regressie toonde aan dat 99% (P < 
0.01) van de variabiliteit in bekken-specifieke coëfficiënten van piekdebiet in de bekkens 
verklaard kan worden door bedekking met vegetatie en infiltratienummer. Onze studie 
toont aan dat we in steile bergbekkens, waar het relatief moeilijk is om piekdebieten direct 
te meten, toch de hydrologische variabiliteit kunnen bestuderen met simpele metingen van 
regenval en piekdebieten. Oppervlakkige afstroming wordt bovendien bepaald door 
dagelijkse neerslag en door de relatieve bedekking met vegetatie. Ook de strategische 
locatie van vegetatie is belangrijk: verder van de thalweg op de hellende delen van de 
bekkens. 
De variabiliteit in aanvoer en transport van beddingsmateriaal tijdens stormen is een 
belangrijke hydro-geomorfologische factor in steile berggebieden. Men weet echter 
weinig over het transport van beddingsmateriaal in stromingsnetwerken in berggebieden, 
deels wegens problemen om het transport te meten. In onze vierde deelstudie meten we de 
aanvoer en transport van beddingsmateriaal in 11 hellende bekkens in Noord-Ethiopië 
(27-65%; 0.4-25km2). We voerden veldmetingen uit van de mediane diameter van de 10 
grofste partikels van het beddingsmateriaal (Max10) per event (n = 332) en deden 
staalnames van partikels van de bedding (n = 100) tijdens drie regenseizoenen (2012-
2014). Piekdebieten per event werden berekend op basis van metingen van de 
vloedhoogtes bij 11 meetstations, met behulp van de Manning-vergelijking. Percentages 
van bodembedekkingsklasses in de stroomgebieden werden bekomen met hoge resolutie 
(0.6 m) beelden van Google Earth (1 februari 2014). Morfometrische kenmerken van de 
stroomgebieden werden berekend op basis van een ASTER digitaal hoogtemodel en 
topografische kaarten. Hydraulische competentie-analyse voor het transport van de 
gemiddelde Max10 werd uitgevoerd met behulp van piekafvoer, ‘stream power’ en 
kritische afschuifspanning. Max10 was positief gerelateerd aan de dichtheid van 
insnijdingen op de omliggende hellingen (R2 = 0,50, p < 0,05) en bekkenoppervlakte (R2 
= 0,36, p < 0,05), terwijl een negatieve relatie bestaat met het totale bosareaal (R2 = 0,63, 
p < 0,05) of vegetatiebedekking (R2 = 0,58, p < 0,05). Een meervoudige regressiemodel 
toonde aan dat 98% van de variabiliteit in Max10 wordt verklaard door de dichtheid aan 
insnijdingen en de oppervlakte van het stroomgebied. De D50 van het beddingsmateriaal 
bleek positief gerelateerd met de dichtheid aan insnijdingen (R2 = 0,38, p <0,05) en de 
oppervlakte van het stroomgebied (R2 = 0,36, p < 0,05). De D84 was negatief gerelateerd 
met vegetatie (R2 = 0,57, p < 0,05) en met de totale bedekking door bos (R2 = 0,62, p < 
0,05). Transport van Max10 bleek positief gerelateerd aan piekdebiet (R2 = 0,60, p < 
0,01), ‘stream power’ (R2 = 0,71, p < 0,01) en kritische afschuifspanning met betrekking 
tot D50(r50) (R2 = 0,96, p < 0,01) en D84(r50) (R2 = 0,93, p < 0,01). De relaties tussen 
event-based Max10 en piekdebiet in elk stroomgebied werden ook gebruikt om de 
piekdebieten tijdens de eerste helft van de jaren ’80 te reconstrueren. Dit toont aan dat er 
grote reducties in piekdebieten (p < 0,01) gebeurden als gevolg van de herbebossing. We 
tonen aan dat beddingsmateriaal in steile tropische berggebieden kan gebruikt worden bij 
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het begrijpen van sedimentflux in relatie tot land management, alsook voor de 
reconstructie van historische vloeden. 
De hydrologische dynamiek van berggebieden wordt sterk bepaald door de kenmerken 
van debieten en sedimentaanvoer, die op hun beurt voornamelijk gecontroleerd worden 
door bodembedekkingsveranderingen. In de laatste deelstudie werden elf bergstromen in 
de steile (0,27-0,65 m m-1) bekkens (0,4-25 km2) bij de westelijke Rift Vallei in Noord-
Ethiopië bestudeerd om te begrijpen hoe deze systemen reageren op 
bodembedekkingsveranderingen. Veranderingen in landgebruik werden geanalyseerd met 
behulp van luchtfoto's van 1936, 1965, 1986 en Google Earth beelden uit 2005 en 2014. 
De variabiliteit in piekdebieten tussen 2012 en 2014 werd berekend na metingen van 332 
dagelijkse piekvloeden in 11 meetstations. Variabiliteit in het transport van 
beddingsmateriaal werd onderzocht door meting van de diameter van de 10 grofste 
partikels in het beddingsmateriaal, getransporteerd per event (Max10). De 
geomorfologische kenmerken van de bekkens werden berekend met behulp van een 
digitaal hoogtemodel (30 m resolutie). We voerden een regressieanalyse uit met de 
bedekking door vegetatie (2014), de gemiddelde waarden van piekdebieten en de 10 
grofste partikels in het beddingsmateriaal (Max10), zoals bepaald tijdens drie 
regenseizoenen (2012-2014). De resultaten werden gebruikt voor de extrapolatie van de 
piekdebieten en Max10 naar de jaren 1936, 1965, 1986 en 2005. De luchtfoto’s uit 1936 
bedekten het westelijke deel van het stroomgebied niet, maar de foto’s tonen in het 
algemeen dat de oppervlakte van het vegetatiedek relatief groot was en dat de ravijnen 
relatief klein waren. Het gemiddelde piekdebiet evolueerde van 54 m3s-1 in 1965 naar 56 
m3s-1 in 1986 en vervolgens tot 34 m3s-1 in 2005 en 31 m3s-1 in 2014. Max10 is 
toegenomen van 280 mm in 1965 tot 294 mm in 1986 en is dan opnieuw verlaagd tot 213 
mm in 2005 en 195 mm in 2014. Beddingen die breed, rechtgetrokken en gevlochten 
waren tussen 1936 en 1986, werden opnieuw korter, smaller en bochtig na de 
herbebossing. Tussen 2012 en 2014 werden de stromen ingesneden aan 6 cm per jaar. 
Insnijding werd positief gerelateerd aan het gemiddelde piekdebiet (R2 = 0,71, p < 0,05, n 
= 11) en aan de oppervlakte van het bekken (R2 = 0,82, p < 0,05). Vergeleken met de 
breedte van de fluviale vlaktes, zijn de actieve beddingen een stuk smaller.  
Over het geheel genomen tonen we in dit proefschrift aan dat herbebossing van steile 
tropische berggebieden kan leiden tot een snelle vermindering van piekdebieten en 













Appendix 4.1 Manning’s roughness evaluation checklist 
 
Method One: Typical Manning’s “n” values for natural streams [Adapted from Chow 
(1959)] 
Channel condition Recommended   




Lowland and Foothill Streams 
         Clean, straight, no deep pools 0.030  
         Clean, straight, some cobble and weeds 0.035  
         Clean, winding, some pools and riffles 0.040  
         Clean, winding, pools, riffles, some cobbles and weeds 0.045  
         Clean, winding, pools, rifles, many cobble 0.050  
         Sluggish, deep, weedy pools 0.070  
         Weedy reach, deep pools, riparian with stands of  
                 timber   and  brush 
0.100  
Mountain streams 
          Streambed of gravel cobble, and a few boulders 0.040  










Method two: Manning’s “n” values adapted from Cowan (1956) 
Factor Description Recommended 
value 
Material  involved (n0) 
     Earth Bottom/sides of channel composed of soil 0.020 
     Rock cut Rock cut in sides of channel  0.025 
     Fine gravel Bottom/sides of channel composed of fine gravel 0.024 
     Coarse gravel Bottom/sides of channel composed of course gravel 0.028 
     Cobble Bottom/sides of channel composed of cobbles 0.030-0.050 
     Boulder Bottom/ sides of channel composed of boulders 0.040-0.070 
Degree of irregularity(n1) 
     Smooth  Smoothest channel in a given bed material. 
 
0.000 
    Minor (slight scour) Having slightly eroded or scoured side slopes. 
 
0.005 
     Moderate (slumping) Channels having moderate to considerable bed 
roughness and moderately  eroded sides  
 
0.010 
     Severe 
     (eroded banks) 
badly eroded sides of canals or drainage channels; 
irregular surfaces of channel 
 
0.020 
Variation in channel cross section (location of thalweg)  (n2) 
      Gradual Size/shape of cross sections change gradually 0.000 
      Alternating     
       occasionally 
Cross sections alternate occasionally, or the main flow 




      Alternating  
        frequency 
Cross sections alternate frequently, or the main flow 




Effect of obstructions(n3) 




      Minor Obstructions occupy < 15% of the cross section 0.010-0.015 




     Severe Obstructions occupy more than 50% of the cross-section 
 
0.040-0.060 
Effect of vegetation(n4) 
     None No vegetation cover 0.000 
     Low  Grass/weeds 0.005-0.010 
     Medium  Brush, none in streambed 0.010-0.025 
     High (young trees) Young trees 0.025-0.050 
     Very high  Brush in streams, mature trees 0.050-0.100 
Degree of meandering (m) 
     Minor Ratio of the channel length to valley length is 1.0 to 1.2 1.00 
     Appreciable Ratio of the channel length to valley length is 1.2 to 1.5 1.15 





Your evaluation on Chow ‘s(1959 method  
Station Your evaluation value (n) 
 
Wera  
Hara   
Mistay Aha  
Gira Kahsu upper  
Gira Kahsu lower  
Hawla upper later  
Hawla lower  
Jeneto upper  




Your evaluation on Cowan’s (1956) method  
Station Roughness values 
n0 n1 n2 n
3
 n4 m 
Wera       
Hara        
Mistay Aha       
Gira Kahsu upper       
Gira Kahsu lower       
Hawla upper later       
Hawla lower       
Jeneto upper       
Jeneto lower       
Maliko       
Bora       
 
 
. 
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